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INTRODUCTION 
 

Postoperative cognitive dysfunction (POCD) is a 

common central nervous system (CNS) complication 

after waking up from surgical anesthesia, which is 

characterized by the decline of memory, attention, 

learning ability, information processing ability, and 

social ability [1, 2]. The occurrence of POCD is high in 

the elderly over 65 years old [3]. Moreover, POCD not 

only increases the length of hospital stay and hospital 

costs but also increases the incidence of postoperative 

complications and mortality rate [4]. With the progress 

of medical technology and the arrival of an aging 

population in China, the number of elderly patients 

undergoing surgery will gradually increase. As a result, 

the number of POCD patients will also increase, and it 
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ABSTRACT 
 

Objective: Postoperative cognitive dysfunction (POCD) is a common postoperative disease that threatens 
patients’ quality of life, especially elderly patients. With the popularity of anesthesia/surgery, POCD has 
received more attention worldwide. The objective of this research is to evaluate 3-n-Butylphthalide (NBP)’s 
protective effect on postoperative cognitive function in rats and its related mechanisms. 
Methods: Tibial fracture models of senile rats of POCD were established and divided into blank control group, 
solvent group, NBP group, Nrf 2 agonist group, and Nrf 2 inhibitor group. The changes in the cognitive abilities 
of rats were systematically evaluated by the Morris water maze test. After hematoxylin-eosin (HE) staining of 
the hippocampus, the morphological and structural changes of hippocampal neurons were observed by light 
microscopy. The expressions of apoptosis-related proteins were analyzed by immunohistochemistry and 
Western blot was used to detect the expressions of Nrf 2,HO-1,Mfn1,Mfn2,Drp1 proteins. Moreover, the 
changes in the morphology of mitochondria were observed by transmission electron microscopy. 
Results: Through the water maze test, we observed that the incidence of postoperative cognitive impairment in 
the NBP, agonist, and inhibitor groups was substantially lower as compared to the blank control group and 
solvent group (P < 0.05). The expressions of Nrf 2, HO-1, Mfn1, Mfn2, and Drp1 proteins in the NBP group were 
upregulated in comparison to the blank control group and the solvent group. The expressions of related 
proteins in the inhibitor group were substantially lower in comparison to the NBP group. 
Conclusions: NBP can affect the postoperative cognitive function of rats by activating the Nrf 2/ARE signaling 
pathway. 
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will cause an enormous economic strain on the country 

and its families [5]. Therefore, the study of POCD has 

been the key research direction of anesthesiology, 

neuroscience, and geriatrics in recent years. 

 

At present, most of the studies on the Nrf 2/ARE 

pathway in neurocognitive disorders focus on the 

downstream products of the Nrf 2/ARE pathway and 

their effects on oxidative stress and neuronal apoptosis, 

lacking studies on the direct impact of Nrf 2 on 

mitochondrial function [6]. Currently, most of the 

studies are focused on vascular cognitive impairment 

(VCI) and Alzheimer's disease (AD), and only a few 

studies are on POCD [5, 6]. Therefore, we conducted 

this study to investigate the function of the Nrf 2/ARE 

signaling pathway in POCD through the rat tibial 

fracture model of POCD and verify the protective effect 

of the Nrf 2/ARE signaling pathway on POCD through 

the specific agonists and antagonists of this pathway 

from the aspects of rat behavior test, hippocampal 

neuron morphology, hippocampal tissue oxidative stress 

level, and mitochondrial morphology and dynamics in 

hippocampal neuronal cells.  

 

NBP is the latest National Class I drug synthesized by 

our country, which is widely used in the treatment of 

stroke and vascular dementia and has good clinical 

efficacy [7]. Animal experiments have confirmed that 

NBP has an antioxidant effect by activating the Nrf 

2/ARE pathway in rats with cerebral ischemia-

reperfusion injury [8]. It has not been confirmed 

whether NBP affects mitochondrial division in nerve 

cells. Currently, most of the studies on butylphthalide 

are focused on stroke and vascular dementia, but there 

is no study on its use in POCD. Therefore, we designed 

this experiment to observe the effect of butylphthalide 

in the animal model of POCD and explore its clinical 

application value through clinical trials.  

 

MATERIALS AND METHODS 
 

Experimental animals 

 

Thirty healthy Sprague dawley (SD) rats of Specific 

pathogen Free (SPF) grade, aged 6 to 7 months, 

weighing 350 to 420 g, were purchased from Jinan 

Pengyue Experimental Animals Breeding Co., Ltd. 

(China) and maintained under a natural light source at a 

temperature of 23 ± 1° C. They were provided access to 

unlimited water and food, and the experiment was 

carried out one week after the adaptive feeding. 

 

Reagent and apparatus 

 

The reagents and apparatus were purchased from the 

following companies: the NBP (Catalog No. HY-B0647, 

200 mg/tube), Tert-butylhydroquinone (TBHQ) (Catalog 

No. HY-100489, 500 mg/tube), Brusatol (Bru) (Catalog 

No. HY 19543, 10 mg/tube),  PEG 300 (Catalog No. HY-

Y0873, 100 ml/vial) and HO-1 antibody (HY-P70276) 

were purchased from MedChemExpress Co. Ltd.; 

caspase-3 antibody (4.1.18) (Catalog No. SC-65497), 

caspase-9 antibody (96.1.23) (Catalog No. SC-56076), 

Mfn1 antibody (D-10) (Catalog No. Sc-166644) and 

Mfn2 antibody (XX-1) (Catalog No. sc-100560) from 

Santa Co. Ltd.; Nrf2 polyclonal antibody (Catalog  

No. 16396-1-AP) from Proteintech Co. Ltd.; Drp1 

antibody (recombinant Anti-DRP1 antibody) (Catalog 

No. Ab184248) from Abcam Co. Ltd.,; beta actin 

Polyclonal Antibody (Catalog No. E-AB--20058), Goat 

Anti-Rabbit IgG (H+L) (Catalog No. E-AB-1003), Goat 

Anti-Mouse IgG (H+L) (Catalog No. E-AB-1001) from 

Elabscience Co. Ltd. The Tecan Safire2 full-wavelength 

multifunctional microplate reader was purchased from 

Tecan Group Co. Ltd., Switzerland, and the FUSION 

FX7 multifunctional imaging system was purchased 

from Vilber Co. Ltd., France. 

 

The establishment of cognitive function of rats for 

the water maze 

 

The training of rats’ cognitive abilities was carried out 

on the fixed platform of the water maze before 

operation. The water maze was divided into four 

quadrants, and the platform was fixed in the fourth 

quadrant. From the first day of administration, one 

quadrant (not repeated) was selected every day during 

the learning period (the first four days), and the rats 

were positioned in the quadrant in a fixed order (Sorted 

by groups: Group A 1-6,Group B 7-12,Group C 13-

18,Group D 19-24,Group E 25-30). 

 

The memory time of each rat was 50 seconds, and 

finding the platform marked successful training (if the 

rats were not able to locate the platform within 50 

seconds, they were directed to the platform and stayed 

there for 30 seconds, which was also recorded as 

training). During the learning period, all the rats were 

trained four times a day in the same quadrant. (All the 

30 rats ran once, and then repeated the second time 

from the rat numbered 1 until the 30 rats ran 4 times, 

indicating that the water maze in this quadrant ended 

at this time). After the training of the learning period, 

the rats were put in the second quadrant from the fifth 

day, which was farthest from the platform, in a fixed 

order, and the time from entering the water to 

swimming to the fixed platform was recorded. It was 

performed once a day to exercise the cognitive 

abilities of the rats until the day of operation. On the 
1st, 3rd, and 5th day after the operation, the rats were 

again placed in the second quadrant in order 

(excluding the rats that had been taken), and the time 
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ratio of the rats from entering the water to swimming 

to the fixed platform was noted. 

 

The establishment of rat tibial fracture model and 

treatment of related hippocampal tissues 

 

Thirty SD rats were assorted randomly into five groups 

as per the number table method: blank control group (α), 

solvent group (β), NBP group (γ), agonist group (δ), and 

inhibitor group (ε), with 6 rats per group. The blank 

control group rats were administered an intraperitoneal 

injection with 2 ml of normal saline 5 days, 3 days, and 1 

day before operation, respectively. The solvent group rats 

were administered intraperitoneal injection with 2 ml of 

PEG300 and normal saline (1:1) 5 days, 3 days, and 1 

day before operation, respectively. The rats present in the 

NBP group were administered an intraperitoneal injection 

with 2 ml NBP solution (40 mg/kg) (dissolved in a 

mixture of PEG300 and normal saline at a ratio of 1:1)  

5 days, 3 days, and 1 day before operation, respectively. 

The agonist group rats were administered intraperitoneal 

injection with 1 ml NBP solution (40 mg/kg) (dissolved 

in a mixture of PEG300 and normal saline at a ratio of 

1:1) and 1 ml TBHQ solution (40 mg/kg) (dissolved in a 

mixture of PEG300 and normal saline at a ratio of 1:1)  

5 days, 3 days and 1 day before operation, respectively. 

The rats present in the inhibitor group received  

an intraperitoneal injection with 1 ml NBP solution  

(40 mg/kg) (dissolved in a mixture of PEG300 and 

normal saline at a ratio of 1:1) and 1 ml Bru (1 mg/kg) 

(dissolved in a mixture of PEG300 and normal saline at a 

ratio of 1:1) 5 days, 3 days and 1 day before operation, 

respectively. On the day of operation, the rats in the 

solvent, NBP, agonist, and inhibitor groups were 

administered an intraperitoneal injection with chloral 

hydrate and isoflurane inhalation anesthesia to establish 

the rat tibial fracture model. After the establishment  

of the model, two rats from each group were killed  

after operation on the 1st, 3rd, and 5th day, and the whole 

brain of one rat was taken and placed in 4% cell fixative 

for HE staining and immunohistochemistry. The 

hippocampus of the other rat was removed for the test of 

related proteins under the Western blot method and also 

for transmission electron microscopy. 

 

Hematoxylin–eosin (HE) 

 

Soon after conducting the behavioral test, two rats were 

selected at random from all the groups, and pentobarbital 

sodium (50 mg/kg, intraperitoneal injection) was used to 

anesthetize them on the 1st day, 3rd day and 5th day after 

the operation, respectively. They were also rapidly 

perfused with normal saline and 4% paraformaldehyde, 
one at a time, via the left ventricle and ascending aorta. 

After performing perfusion, the entire brains of both rats 

were immediately taken out and submerged for 48 hours 

in 4% paraformaldehyde, later embedded in paraffin. 

Moreover, to conduct HE staining, 5 μm thick slices 

were cut from the Coronal brain. 

 

Western blot 

 

After conducting the Morris water maze test, six rats 

from each group were euthanized under deep anesthesia 

with pentobarbital sodium (50 mg•kg-1, i.p.). Moreover, 

the hippocampal tissues were collected from the  

brain immediately and stored at a low temperature of –

80° C. Homogenization of the frozen hippocampal 

tissue was carried out in Radioimmunoprecipitation 

assay (Solarbio, Beijing, China) buffer, and incubation 

was performed for 30 min at 4° C, and the supernatant 

was isolated. The concentration of protein was assessed 

by employing the bicinchoninic acid method, and 

extraction of the nuclear proteins was carried out in 

accordance with a previous report. Equal amounts of 

protein (30 μg) from all the samples were separated by 

employing 10% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis, which was transferred to 

polyvinylidene difluoride membranes. Furthermore, 5% 

skim milk along with Tris-buffered saline Tween-20 

was utilized to block the membrane at room temperature 

for around 2 hours, and incubation of these proteins was 

carried out overnight at 4° C with primary antibodies 

under mild shaking. The following day, incubation  

of the membranes was conducted by employing 

horseradish peroxidase conjugates. The secondary 

antibody (goat anti-rabbit IgG, 1: 10,000; Proteintech, 

Chicago, IL, USA) was left for about 1-2 hours at room 

temperature, and the antibodies for β-actin were utilized 

as a loading control for nuclear and total proteins, 

respectively. Detection of proteins was carried out  

by employing the electrochemiluminescence (ECL) 

method; additionally, scanning of the bands was carried 

out, and ImageJ software (version 1.30v; Wayne 

Rasband, National Institutes of Health, USA) was 

employed for the evaluation of the relative density of all 

the bands [9]. 

 

Statistical analysis 

 

IBM SPSS Statistics 22 statistical software was 

employed for analysis. The behavioral data of rats in 

the water maze was gathered and evaluated by ANY 

maze software. Bartlett test was used to test the 

homogeneity of variance for the relative gray value of 

Nrf 2 protein, and the data was similar to the normal 

distribution. Analysis of variance was employed to 

conduct the comparison of mean values among 

multiple groups, and the LSD-t test was employed  
to perform the pairwise comparison of different 

groups. When P < 0.05, the variation was considered 

statistically significant. 
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RESULTS 
 

Result of the water maze test 

 
Location navigation test 

The training progressively reduced every rat’s escape 

latency; especially, the escape latency of rats in the 

NBP, agonist, and inhibitor groups was substantially 

shortened (P<0.01) in comparison to the blank control 

and solvent groups. There was no significant 

difference in escape latency among NBP group, 

agonist group and inhibitor group (P<0.05). 

Furthermore, the NBP treatment resulted in the 

alleviation of poor performance and the escape latency 

was considerably shorter in the NBP treatment  

group as compared to the solvent group (P<0.01) 

(Figure 1A, 1B). 
 

Spatial probe test 

There were substantial variations in the proportion of 

time spent in the target quadrant between the five 

groups. The rats in the NBP, agonist, and inhibitor 

groups spent considerably more time in the target 

quadrant (P<0.01) as compared to the blank control 

group and the solvent group, and it shortened the time 

for rats to reach the platform, indicating that NBP 

treatment significantly improved the cognitive function 

of rats after surgery (P<0.01) (Figure 1C, 1D). 

 

NBP attenuated POCD-induced morphological 

changes in rat hippocampus 

 

As shown in Figure 2, the chromatin material of 

pyramidal cells in CA1, CA2, and CA3 regions of 

hippocampi in each group was reduced, the nucleus was 

lightly stained and the cytoplasm was loose (black 

arrow), but no abnormality was found in the DG region. 

There was no apparent necrosis and inflammatory cell 

infiltration. Some pyramidal cells in the CA1 region of 

the hippocampus (A1, A3, B1, B3, D5, E1) were loose 

and irregularly arranged (red arrow); In some 

hippocampi (A5, C3), a small number of pyramidal cells 

in CA2 and CA3 were contracted, the volume became 

smaller, the staining was deepened, the basophilia was 

enhanced, and the cytoplasmic and nuclear boundaries 

were not clear (blue arrow). After NBP treatment, the 

morphological changes of group C, D and E were 

improved compared with group A and B. 
 

 
 

Figure 1. NBP treatment improved the behavioral deficits of rats with POCD. (A) Trajectory plots of one randomly selected rat from 

each of the five groups. One day before the operation, all rats could find a fixed platform within 50 seconds, and there was no substantial 
variation between the groups. (B) Trajectory plots of one rat were randomly selected from each of the five groups one day after the 
operation. (C) After the fracture model was established, we observed that a significantly longer time was required to reach the platform by 
rats in groups α and β in comparison to the ones in groups γ, δ, and ε. (D). Time for each rat to reach the platform after the operation. 
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Result of Western blot 

 

The grouping of each band (except the marker) was 

blank control group, solvent group, NBP group, agonist 

group, and inhibitor group from left to right. Nrf 2, HO-

1, Mfn1, Mfn2, Drp1, and β-actin were detected on the 

1st, 3rd, and 5th day after the operation. The NBP group 

revealed higher protein expressions of Nrf 2, HO-1, 

Mfn1, Mfn2, and Drp1 as compared to the blank control 

and solvent groups. Moreover, substantially higher 

expression of related proteins was observed in the 

agonist group in comparison to the NBP group, whereas 

substantially lower expression of related proteins was 

detected in the inhibitor group in comparison to the 

NBP group (Figure 3). 

 

Immunohistochemical analysis of the expressions of 

apoptosis-related proteins caspase-3 and caspase-9 

in hippocampal tissues 

 

Aipathwell software was used to analyze the area 

density of caspase-3 and caspase-9 in hippocampal 

tissues. 
 

Area density = integrated optic density (IOD) / tissue 

square measure of the area to be tested. 

 

 
 

Figure 2. Morphological changes in the CA 1 region of the hippocampi of rats in the five groups were observed by conducting 
HE staining. (A) blank group, (B) solvent group, (C) NBP group, (D) NBP + agonist group, and (E) NBP + inhibitor group. (Scale bar = 20 μm, 
magnification = 400 ×). 
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The integrated optic density was the integral of the optical 

densities of all positive signals (the positive expression of 

both antibodies was brown), divided by the tissue square 

measure of the area to be tested, which could reflect the 

number and depth of positive signals with direct ratio. 

This method has the advantage that the positive square 

measure and the positive depth were considered, yet it 

was not influenced by the size of the tissue to be tested. 

 

It is illustrated in Figure 4 that the area density of 

antibodies increased with the prolongation of survival 

time of rats in the same group; the area density of 

antibodies of rats killed on the same day after the 

operation was higher in treated groups (Group C, D, E) 

than in control groups (Group A, B). In the treated 

group, the growth rate of the antagonist group (Group 

E) was considerably lower in comparison to the NBP 

group (Group C) and the agonist group (Group D). 

 

Morphological changes of mitochondria observed by 

transmission electron microscopy 

 

The electron micrographs of hippocampal tissues in each 

group revealed that, as compared to the treated groups 

(Group C, D, E), the inner and outer mitochondrial 

membranes in control groups (Group A, B) were 

significantly damaged- the crista structure was blurred, 

the neuronal nuclear matrix was missing, the cytoplasmic 

organelles were blurred, and the number of protrusions 

was less. 

 

According to the results of transmission electron 

microscopy, NBP could protect the integrity of 

mitochondrial membranes and organelles and maintain 

normal mitochondrial dynamics by activating the Nrf 

2/ARE signaling pathway, thus alleviating postoperative 

cognitive dysfunction (Figure 5). 

 

DISCUSSION 
 

The pathogenesis of POCD is complex, including 

protein misfolding/aggregation, amyloid β aggregation, 

oxidative stress, mitochondrial dysfunction, glial cell 

dysfunction, excitotoxicity, calcium processing 

dysfunction, and neuroinflammation [10]. Moreover, 

oxidative stress and mitochondrial damage are essential 

links in the pathogenesis of POCD [11]. Furthermore, a 

considerably large number of research works have 

revealed that although the causes of neurocognitive 

disorders are different, there are some similar patho-

logical injury mechanisms in these diseases, such as 

mitochondrial damage, excessive ROS production, 

 

 
 

Figure 3. NBP’s effects on the expressions of Nrf2, Mfn1, Mfn2, and Drp1 in hippocampal tissues by Western blots. (A) one 

day after the operation. (B) three days after the operation. (C) five days after the operation. 
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nervous system inflammation, and so on [12, 13]. 

Studies have confirmed that abnormal mitochondrial 

dynamics is an early sign of neurocognitive disorders 

[14], which happens before the amyloid beta protein 

aggregation, phosphorylation of Tau protein, and 

neuronal apoptosis. Therefore, if we can find the 

signaling pathway to improve the mitochondrial 

dynamic abnormalities, we can intervene in POCD in the 

earlier stages and avoid its progression from mild to 

severe cognitive impairment. 

 

NBP is a multi-target drug with multiple protective 

effects on the brain tissue, and a large number of studies 

have revealed that NBP can block POCD-induced 

cognitive function [15, 16]. For instance, NBP develops 

spatial learning/memory of the Wistar Kyoto rats with 

spontaneous hypertension by bilateral occlusion surgery, 

as their performance on the MWM test is substantially 

enhanced [7, 17]. Furthermore, it is exhibited that  

the administration of NBP can counteract cognitive 

impairment as well as plays a vital role in the reversal of 

the abnormal neuronal morphology in the hippocampus 

region of rats with chronic cerebral ischemia detected by 

HE [16]. 

 

The Nrf 2/ARE signaling pathway is a classical anti-

oxidative stress pathway, which is regulated by nuclear 

factor E2 related factor 2 (Nrf 2) [18, 19]. Under 

physiological conditions, the binding of Nrf 2 to KEAP1 

is localized in the cytoplasm, and Nrf 2 is regulated at 

low protein levels [20]. Under oxidative stress, when Nrf 

2 is activated, its dissociation from KEAP1 takes place, 

and it moves inside the nucleus and binds to the 

antioxidant response element (ARE) to initiate the Nrf 

2/ARE signaling pathway [21]. Nrf 2 induces and 

expresses genes regulated by EpRE after activation. The 

target genes of Nrf 2 include glutathione (GSH)-

regulating enzymes, antioxidant proteins/enzymes, drug-

metabolizing enzymes or transporters regulated by drugs, 

proteasome subunits, pentose phosphate pathway 

enzymes, and enzymes involved in nucleotide synthesis. 

Therefore, Nrf 2/ARE signaling pathway plays a 

significant function in the cellular defense against 

oxidative stress. Moreover, Nrf 2 also enhances 

autophagy via p62/SQSTM1 and there is increasing 

evidence that activation of the Nrf 2-mediated 

antioxidant pathway can play a protective role in a 

variety of neurodegenerative diseases [22–24]. Recently, 

the novel function of Nrf 2 has been found to affect the 

regulation of mitochondrial membrane potential and the 

synthesis of ATP substrates in the respiratory chain. In 

addition, some studies have found that the lack of Nrf 2 

molecules in isolated mitochondria can lead to 

mitochondrial fatty acid peroxidation and eventually lead 

to energy production disorders. Some other studies have 

also shown that the activation of the Nrf 2 pathway 

promotes mitochondrial dynamic fusion activity and 

inhibits mitotic activity [25] and it can also affect 

mitochondrial autophagy by regulating PINK expression 

[26]. The function of the Nrf 2 pathway in the regulation 

of mitochondrial function is becoming an area of interest 

for the scientific fraternity; moreover, it is considered to 

be a critical regulator that links mitochondrial function to 

oxidative stress, making itself a potential therapeutic 

target for studies of Neuroprotection. 

 

This research found that the occurrence of postoperative 

cognitive dysfunction in treated groups (NBP, and Nrf 2 

agonist groups) was substantially lower in comparison 

to the blank control and solvent groups (P < 0.05). The 

Western blot findings revealed higher protein 

expressions of Nrf 2, HO-1, Mfn1, Mfn2, and Drp1 in 

the NBP group in comparison to the blank control and 

solvent groups. The expression of related proteins in the 

agonist group was substantially upregulated in 

comparison to the NBP group, and the expression of 

 

 
 

Figure 4. Area density of hippocampal tissues in each group. (A) caspase-3, (B) caspase-9. 
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Figure 5. The morphological changes of mitochondria were observed by transmission electron microscopy. (A) blank group,  

(B) solvent group, (C) NBP group, (D) NBP + agonist group, and (E) NBP + inhibitor group. (Scale bar = 20 μm, magnification = 1200x). 
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related proteins in the inhibitor group was substantially 

downregulated in comparison to the NBP group. These 

results suggested that the consequence of NBP on 

postoperative cognitive function of rats after surgery is 

controlled by Nrf 2 pathway. In this study, we found 

that NBP could increase the expressions of HO-1 and 

Nrf 2 in a dose-dependent manner, indicating that the 

antioxidant effect of NBP in rats with tibial fracture 

might be achieved by overexpression of the Nrf 2/ARE 

pathway. In summary, we observed that NBP could 

affect the cognitive function of rats after surgery by 

turning on the Nrf 2/ARE signaling pathway. 

 

AUTHOR CONTRIBUTIONS 
 

JH and SW designed the concept and drafted the 

manuscript JH and JG participated in collection of 

study. HZ, YZ, and XZ checked the material. XW, SW 

and YW participated in collection and assembly of data. 

HC and LZ performed the data analysis and 

interpretation. All authors read and approved the final 

manuscript. 

 

CONFLICTS 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. 

 

ETHICAL STATEMENT 
 

The Animal Ethics Committee of our hospital reviewed 

and approved all the experiments carried out in our lab 

(No.: AHQU-MAL20210625). 

 

FUNDING 
 

This study is supported by the Youth Research Fund 

from The Affiliated Hospital of Qingdao University (for 

JH) and National Natural Science Foundation of China 

under Grant No. 8177050800. 

 

REFERENCES 
 
1. Joris J, Kehlet H, Slim K. Postoperative cognitive 

dysfunction: time for enhanced recovery after surgery 
programmes. Eur J Anaesthesiol. 2022; 39:733–4. 

 https://doi.org/10.1097/EJA.0000000000001684 
PMID:35919025 

2. Liu T, Deng R, Wang X, Liu P, Xiao QX, Liu Q, Zhang Y. 
Mechanisms of hypoxia in the hippocampal CA3 region 
in postoperative cognitive dysfunction after 
cardiopulmonary bypass. J Cardiothorac Surg. 2022; 
17:106. 

 https://doi.org/10.1186/s13019-022-01865-z 
PMID:35526011 

3. Sun Y, Feng H, Zou T, Hou M, Jin Y, Gu C, Wang Y, Li J, 
Liu M, Zhang M, Gao Y. Assessment of risk factors for 
postoperative cognitive dysfunction after coronary 
artery bypass surgery: a single-center retrospective 
cohort study. Biosci Rep. 2021; 41:BSR20190719. 

 https://doi.org/10.1042/BSR20190719 
PMID:33511391 

4. Ding DF, Wang P, Jiang YX, Zhang XP, Shi W, Luo YW. 
Effects of Apolipoprotein Ε ε4 allele on early 
postoperative cognitive dysfunction after anesthesia. 
Anaesthesist. 2021 (Suppl 1); 70:60–7. 

 https://doi.org/10.1007/s00101-021-00972-1 
PMID:34143234 

5. Qu Y, Wang W, Chen T, Yang Y, Zhang Y, Wang D. The 
neuroprotection of deproteinized calf blood 
extractives injection against Alzheimer’s disease via 
regulation of Nrf-2 signaling. Aging (Albany NY). 2021; 
13:11150–69. 

 https://doi.org/10.18632/aging.202776 
PMID:33819182 

6. Li C, Wang R, Hu C, Wang H, Ma Q, Chen S, He Y. 
Pyridoxine exerts antioxidant effects in cell model of 
Alzheimer’s disease via the Nrf-2/HO-1 pathway. Cell 
Mol Biol (Noisy-le-grand). 2018; 64:119–24. 

 https://doi.org/10.14715/cmb/2018.64.10.19 
PMID:30084803 

7. Tian J, Lei P, He Y, Zhang N, Ge X, Luo L, Yan S, Diao X. 
Absorption, distribution, metabolism, and excretion of 
[14C]NBP (3-n-butylphthalide) in rats. J Chromatogr B 
Analyt Technol Biomed Life Sci. 2021; 1181:122915. 

 https://doi.org/10.1016/j.jchromb.2021.122915 
PMID:34500404 

8. Liu Z, Wang H, Shi X, Li L, Zhou M, Ding H, Yang Y, Li X, 
Ding K. DL-3-n-Butylphthalide (NBP) Provides 
Neuroprotection in the Mice Models After Traumatic 
Brain Injury via Nrf2-ARE Signaling Pathway. 
Neurochem Res. 2017; 42:1375–86. 

 https://doi.org/10.1007/s11064-017-2186-z 
PMID:28214984 

9. Wang Y, Wang Z, Shao C, Lu G, Xie M, Wang J, Duan H, 
Li X, Yu W, Duan W, Yan X. Melatonin may suppress 
lung adenocarcinoma progression via regulation of the 
circular noncoding RNA hsa_circ_0017109/miR-135b-
3p/TOX3 axis. J Pineal Res. 2022; 73:e12813. 

 https://doi.org/10.1111/jpi.12813 PMID:35661247 

10. Ge X, Zuo Y, Xie J, Li X, Li Y, Thirupathi A, Yu P, Gao G, 
Zhou C, Chang Y, Shi Z. A new mechanism of POCD 
caused by sevoflurane in mice: cognitive impairment 
induced by cross-dysfunction of iron and glucose 
metabolism. Aging (Albany NY). 2021; 13:22375–89. 

https://doi.org/10.1097/EJA.0000000000001684
https://pubmed.ncbi.nlm.nih.gov/35919025
https://doi.org/10.1186/s13019-022-01865-z
https://pubmed.ncbi.nlm.nih.gov/35526011
https://doi.org/10.1042/BSR20190719
https://pubmed.ncbi.nlm.nih.gov/33511391
https://doi.org/10.1007/s00101-021-00972-1
https://pubmed.ncbi.nlm.nih.gov/34143234
https://doi.org/10.18632/aging.202776
https://pubmed.ncbi.nlm.nih.gov/33819182
https://doi.org/10.14715/cmb/2018.64.10.19
https://pubmed.ncbi.nlm.nih.gov/30084803
https://doi.org/10.1016/j.jchromb.2021.122915
https://pubmed.ncbi.nlm.nih.gov/34500404
https://doi.org/10.1007/s11064-017-2186-z
https://pubmed.ncbi.nlm.nih.gov/28214984
https://doi.org/10.1111/jpi.12813
https://pubmed.ncbi.nlm.nih.gov/35661247


www.aging-us.com 285 AGING 

 https://doi.org/10.18632/aging.203544 
PMID:34547719 

11. Netto MB, de Oliveira Junior AN, Goldim M, Mathias K, 
Fileti ME, da Rosa N, Laurentino AO, de Farias BX, 
Costa AB, Rezin GT, Fortunato JJ, Giustina AD, 
Barichello T, et al. Oxidative stress and mitochondrial 
dysfunction contributes to postoperative cognitive 
dysfunction in elderly rats. Brain Behav Immun. 2018; 
73:661–9. 

 https://doi.org/10.1016/j.bbi.2018.07.016 
PMID:30041011 

12. Zhang L, Wang X, Yu W, Ying J, Fang P, Zheng Q, Feng X, 
Hu J, Xiao F, Chen S, Wei G, Lin Y, Liu X, et al. CB2R 
Activation Regulates TFEB-Mediated Autophagy and 
Affects Lipid Metabolism and Inflammation of 
Astrocytes in POCD. Front Immunol. 2022; 13:836494. 

 https://doi.org/10.3389/fimmu.2022.836494 
PMID:35392078 

13. Li N, Zhang X, Dong H, Hu Y, Qian Y. Bidirectional 
relationship of mast cells-neurovascular unit 
communication in neuroinflammation and its 
involvement in POCD. Behav Brain Res. 2017; 322:60–9. 

 https://doi.org/10.1016/j.bbr.2017.01.006 
PMID:28082194 

14. Yin J, Reiman EM, Beach TG, Serrano GE, Sabbagh MN, 
Nielsen M, Caselli RJ, Shi J. Effect of ApoE isoforms on 
mitochondria in Alzheimer disease. Neurology. 2020; 
94:e2404–11. 

 https://doi.org/10.1212/WNL.0000000000009582 
PMID:32457210 

15. Jafari B, Gharbavi M, Baghdadchi Y, Manjili HK, 
Mahmoudi J, Jafari-Anarkoli I, Amiri S, Hosseini MJ. 
Mitigated Oxidative Stress and Cognitive Impairments 
in Transient Global Ischemia using Niosomal Selegiline-
NBP delivery. Behav Neurol. 2022; 2022:4825472. 

 https://doi.org/10.1155/2022/4825472 
PMID:35469274 

16. Gao M, Ji S, Li J, Zhang S. DL-3-n-butylphthalide (NBP) 
ameliorates cognitive deficits and CaMKII-mediated 
long-term potentiation impairment in the 
hippocampus of diabetic db/db mice. Neurol Res. 
2019; 41:1024–33. 

 https://doi.org/10.1080/01616412.2019.1672387 
PMID:31578943 

17. Zhao Y, Liu D, Li J, Zhang X, Wang X. L-NBP, a multiple 
growth factor activator, attenuates ischemic neuronal 
impairments possibly through promoting 
neuritogenesis. Neurochem Int. 2019; 124:94–105. 

 https://doi.org/10.1016/j.neuint.2019.01.002 
PMID:30629983 

18. Mohamed ME, Elmorsy MA, Younis NS. Renal 
Ischemia/Reperfusion Mitigation via Geraniol: The Role 

of Nrf-2/HO-1/NQO-1 and TLR2,4/MYD88/NFκB 
Pathway. Antioxidants (Basel). 2022; 11:1568. 

 https://doi.org/10.3390/antiox11081568 
PMID:36009287 

19. Abd El-Aal SA, El-Abhar HS, Abulfadl YS. Morin offsets 
PTZ-induced neuronal degeneration and cognitive 
decrements in rats: The modulation of TNF-α/TNFR-
1/RIPK1,3/MLKL/PGAM5/Drp-1, IL-6/JAK2/STAT3/GFAP 
and Keap-1/Nrf-2/HO-1 trajectories. Eur J Pharmacol. 
2022; 931:175213. 

 https://doi.org/10.1016/j.ejphar.2022.175213 
PMID:35981604 

20. Amanat S, Shal B, Kyoung Seo E, Ali H, Khan S. Icariin 
attenuates cyclophosphamide-induced cystitis via 
down-regulation of NF-кB and up-regulation of Nrf-
2/HO-1 signaling pathways in mice model. Int 
Immunopharmacol. 2022; 106:108604. 

 https://doi.org/10.1016/j.intimp.2022.108604 
PMID:35149295 

21. Zhang X, Yu Y, Lei H, Cai Y, Shen J, Zhu P, He Q, Zhao M. 
The Nrf-2/HO-1 Signaling Axis: A Ray of Hope in 
Cardiovascular Diseases. Cardiol Res Pract. 2020; 
2020:5695723. 

 https://doi.org/10.1155/2020/5695723 
PMID:32411446 

22. Shah SZA, Zhao D, Hussain T, Sabir N, Mangi MH, Yang 
L. p62-Keap1-NRF2-ARE Pathway: A Contentious Player 
for Selective Targeting of Autophagy, Oxidative Stress 
and Mitochondrial Dysfunction in Prion Diseases. Front 
Mol Neurosci. 2018; 11:310. 

 https://doi.org/10.3389/fnmol.2018.00310 
PMID:30337853 

23. Johnson JA, Johnson DA, Kraft AD, Calkins MJ,  
Jakel RJ, Vargas MR, Chen PC. The Nrf2-ARE pathway: 
an indicator and modulator of oxidative stress  
in neurodegeneration. Ann N Y Acad Sci. 2008; 
1147:61–9. 

 https://doi.org/10.1196/annals.1427.036 
PMID:19076431 

24. Esteras N, Dinkova-Kostova AT, Abramov AY. Nrf2 
activation in the treatment of neurodegenerative 
diseases: a focus on its role in mitochondrial 
bioenergetics and function. Biol Chem. 2016; 
397:383–400. 

 https://doi.org/10.1515/hsz-2015-0295 
PMID:26812787 

25. Kandimalla R, Manczak M, Fry D, Suneetha Y, Sesaki H, 
Reddy PH. Reduced dynamin-related protein 1 protects 
against phosphorylated Tau-induced mitochondrial 
dysfunction and synaptic damage in Alzheimer’s 
disease. Hum Mol Genet. 2016; 25:4881–97. 

 https://doi.org/10.1093/hmg/ddw312 PMID:28173111 

https://doi.org/10.18632/aging.203544
https://pubmed.ncbi.nlm.nih.gov/34547719
https://doi.org/10.1016/j.bbi.2018.07.016
https://pubmed.ncbi.nlm.nih.gov/30041011
https://doi.org/10.3389/fimmu.2022.836494
https://pubmed.ncbi.nlm.nih.gov/35392078
https://doi.org/10.1016/j.bbr.2017.01.006
https://pubmed.ncbi.nlm.nih.gov/28082194
https://doi.org/10.1212/WNL.0000000000009582
https://pubmed.ncbi.nlm.nih.gov/32457210
https://doi.org/10.1155/2022/4825472
https://pubmed.ncbi.nlm.nih.gov/35469274
https://doi.org/10.1080/01616412.2019.1672387
https://pubmed.ncbi.nlm.nih.gov/31578943
https://doi.org/10.1016/j.neuint.2019.01.002
https://pubmed.ncbi.nlm.nih.gov/30629983
https://doi.org/10.3390/antiox11081568
https://pubmed.ncbi.nlm.nih.gov/36009287
https://doi.org/10.1016/j.ejphar.2022.175213
https://pubmed.ncbi.nlm.nih.gov/35981604
https://doi.org/10.1016/j.intimp.2022.108604
https://pubmed.ncbi.nlm.nih.gov/35149295
https://doi.org/10.1155/2020/5695723
https://pubmed.ncbi.nlm.nih.gov/32411446
https://doi.org/10.3389/fnmol.2018.00310
https://pubmed.ncbi.nlm.nih.gov/30337853
https://doi.org/10.1196/annals.1427.036
https://pubmed.ncbi.nlm.nih.gov/19076431
https://doi.org/10.1515/hsz-2015-0295
https://pubmed.ncbi.nlm.nih.gov/26812787
https://doi.org/10.1093/hmg/ddw312
https://pubmed.ncbi.nlm.nih.gov/28173111


www.aging-us.com 286 AGING 

26. Murata H, Takamatsu H, Liu S, Kataoka K, Huh NH, 
Sakaguchi M. NRF2 Regulates PINK1 Expression under 
Oxidative Stress Conditions. PLoS One. 2015; 
10:e0142438. 

 https://doi.org/10.1371/journal.pone.0142438 
PMID:26555609 

https://doi.org/10.1371/journal.pone.0142438
https://pubmed.ncbi.nlm.nih.gov/26555609

