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Abstract

Background: Cardiopulmonary bypass (CPB) results in brain 

injury, which is primarily caused by inflammation. Ac2-26 protects 

against ischemic or hemorrhage brain injury. The present study 

was to explore the effect and mechanism of Ac2-26 on brain injury 



in CPB rats.

Methods: Rats were randomized into sham, CPB, Ac, Ac/AKT1, 

Ac/GSK3βi and Ac/AKT1/GSK3βa groups. Rats in sham group only 

received anesthesia and in the other groups received standard CPB 

surgery. Rats in the sham and CPB groups received saline, and rats 

in the Ac, Ac/AKT1, Ac/GSK3βi and Ac/AKT1/GSK3βa groups 

received Ac2-26 immediately after CPB. Rats in the Ac/AKT1, 

Ac/GSK3βi and Ac/AKT1/GSK3βa groups were injected with shRNA, 

inhibitor and agonist of GSK3β respectively. The neurological 

function score, brain edema and histological score were evaluated. 

The neuronal survival and hippocampal pyroptosis were assessed. 

The cytokines, activity of NF-κB, S100 calcium-binding protein 

β(S100β) and neuron-specific enolase (NSE), and oxidative were 

tested. The NLRP3, cleaved-caspase-1 and cleaved-gadermin D 

(GSDMD) in the brain were also detected.

Results: Compared to the sham group, all indicators were 

aggravated in rats that underwent CPB. Compared to the CPB 

group, Ac2-26 significantly improved neurological scores and brain 

edema and ameliorated pathological injury. Ac2-26 reduced the 

local and systemic inflammation, oxidative stress response and 

promoted neuronal survival. Ac2-26 reduced hippocampal 

pyroptosis and decreased pyroptotic proteins in brain tissue. The 



protection of Ac2-26 was notably lessened by shRNA and inhibitor 

of GSK3β. The agonist of GSK3β recovered the protection of Ac2-26 

in presence of shRNA. 

Conclusions: Ac2-26 significantly improved neurological function, 

reduced brain injury via regulating inflammation, oxidative stress 

response and pyroptosis after CPB. The protective effect of Ac2-26 

primarily depended on AKT1/ GSK3β pathway. 

Key words: Brain injury; Cardiopulmonary bypass; Pyroptosis; 

Ac2-26

This study was supported by grants from the Heilongjiang Natural 

Science Foundation (YQ2019H009).

Introduction

Cardiopulmonary bypass (CPB) is an essential support for several 

cardiac surgeries. However, CPB results in severe postoperative 

cerebral dysfunction[1], which is characterized by stroke[2], 

cognitive dysfunction[3] and delirium[4]. The incidences of stroke, 

delirium and cognitive dysfunction are 1.7%-to-5.4%[2], 

20%-to-50%[5], and 30%-to-80%[6], respectively. Cerebral 

dysfunction prolongs the stay in the ICU and hospital, induces 

physical disability[7], increases medical care costs[8], and 

increases postoperative mortality[9]. Many studies indicated that 

local inflammation induced by cerebral ischemia hypoperfusion and 



systemic inflammatory response syndrome (SIRS) contributed to 

the postoperative cerebral dysfunction[10, 11]. Although several 

treatments have been used in clinical work, the incidence of 

neurological morbidity remain higher and continuously influences 

the postoperative quality of patients[12].

Ac2-26 is an activated peptide of annexin A1 that mitigates brain 

injuries by activating formyl peptide receptors[13, 14]. Zhang et al 

also found the tripeptide of annexin A1 reduced brain injury after 

CPB [15], though they did not explore the mechanism. Our previous 

studies found that Ac2-26 prevented lung and brain reperfusion 

injury by enhancing the expression of eNOS [16, 17]. Considering 

the regulation of AKT1 on eNOS, and Akt1/glycogen synthase 

kinase 3β (GSK3β) pathway in the pathology of brain injury[18], we 

performed a rat CPB model and administrated the shRNA 

(knockdown the AKT1) and inhibitor of GSK3β to investigate 

mechanism of Ac2-26 on brain injury after CPB. 

Methods and materials

The Institutional Animal Care and Use Committee of Harbin 

Medical University approved this study. Male SD rats (400-450 g) 

were purchased from Harbin Medical University. 

First section

All the rats were randomized into sham, CPB, Ac, Ac/AKT1 and 



Ac/GSK3β groups. Rats in the sham group received anesthesia, 

intubation and catheterization, and the other rats received 

standard CPB[19]. Rats in the sham and CPB groups were 

intravenously injected with saline, and rats in the Ac, Ac/AKT1 and 

Ac/GSK3β groups were injected with Ac2-26. The rats in Ac/AKT1 

group were injected the shRNA to knockdown AKT1expression. 

Rats in Ac/GSK3β were injected the inhibitor of GSK3β to inhibit 

the activity of GSK3β. The aim of this section was to preliminary 

estimate whether the effect of Ac2-26 on brain injury after CPB was 

associated with AKT1 and GSK3β. 

Second section

In the second section, we administrated the agonist of GSK3β to 

rats which received shRNA and assessed whether the GSK3β was 

the down-stream of AKT1 in regulation of Ac2-26 on brain injury. 

The neurological function score, histological score, brain 

permeability, local and systemic inflammation, oxidative stress 

response, neuronal survival, hippocampal pyroptosis, and 

pyroptotic protein were evaluated to investigate the mechanism of 

Ac2-26 on pyroptosis after CPB. 

CPB procedure

The rats were anesthetized with 3% sodium pentobarbital (30 

mg/kg). After anesthesia, all of the rats received intubation with a 



12-G catheter for mechanical ventilation (Model 683, Harvard 

Apparatus, Boston, USA). The ventilated parameters were set at 50% 

oxygen and 50% nitrogen with 2-cm H2O positive end-expiratory 

pressure (Vt: 8 ml/kg, respiratory rate: 50 breaths/min, and 

inspiratory expiratory ratio 1:1). Under local anesthesia with 1% 

lidocaine, the right artery and vein and the right femoral artery and 

vein were catheterized. Heparin (500 IU/kg) was injected for 

heparinization, and the CPB circuit was inserted. The CPB circuit 

included a venous reservoir (20 ml), roller pump (Cole Parmer 

Instrument Company, Chicago, USA) and membrane oxygenator 

(MeicroPort, Dongguan, Guangdong, China). After priming with 0.2 

ml heparin, 11 ml of a hydroethyl starch solution and 0.5 ml 7% 

sodium bicarbonate solution, the flow rate was gradually 

up-regulated to 100 ml/kg/min for 60 min[20]. During CPB, the 

mean arterial pressure was maintained over 70 mmHg with 

adrenalin, and the temperature was maintained at 36 to 38 ℃. 

After 60 min of CPB, protamine (5 mg/kg)[21] was injected for 

anti-heparinization, the outflow was withdrawn first. The inflow 

was stopped when hemodynamic stabilization was achieved. All 

catheters were withdrawn, and the incisions were saturated after 

the injection of 2000 U/kg penicillin to prevent infection. All rats 

were extubated when they recovered spontaneous breathing. 



Immediately after the initiation of CPB, rats in the CPB group 

received saline (0.5 ml), and rats in other groups were injected 

with Ac2-26 (1 mg/kg diluted into 0.5 ml) [16, 17]. Rats in the 

Ac/AKT1 group were intravenously injected with shRNA (1 × 105 

ifu/L AKT1 expression lentiviral solution at 150 μL/100 g body 

weight) to knock down AKT1 expression preoperatively for 3 days 

according to our preliminary study. The GSK3β inhibitor was 

injected intraperitoneally (SB216763, 20 mg/kg diluted into 1 ml of 

DMSO/saline) when CPB beginning[22].

After 12 hours of CPB, the neurological function of all rats was 

tested. All rats were injected with heparin and sacrificed via an 

overdose of anesthetics[23].

Neurological function score

Neurological function was scored according to the following 

criteria: prehensile traction, strength and balance beam 

performance were graded on a 0-9 scale (best score = 0, worst 

score =9). Evaluations of neurological function were performed 

according to a previous study[15].

Brain edema

After sacrifice, part of the brain tissue was collected and weighed 

after removal of the parietal cortex and hippocampus. The brain 

tissue was dried at 80 °C for 48 hours and weighed again. Brain 



edema was calculated using the (wet weight – dry weight)/wet 

weight ratio.

Histological evaluation

Brain hippocampal tissue was collected and fixed in neutral 

formalin. The tissue was dehydrated with ethanol, cleared with 

xylene, and embedded in paraffin. The brain tissue was cut into 

4-μm sections and stained with HE. After staining, an independent 

pathologist who did not participate in this study assessed 

pathological injuries using light microscopy.

Survival and pyroptosis assessment

Neuronal survival was analyzed using Nissl staining. The brain 

tissues were fixed with 4% paraformaldehyde and placed on 

polylysine-coated slides overnight. After rehydration, the sections 

were submerged in 1% cresyl violet before staining. The surviving 

neurons of the hippocampal CA1 region exhibited the standard of 

characteristics of a visible nucleus and intact cytoplasm. An 

independent pathologist counted the surviving neurons.

The pyroptosis of hippocampus was detected by the 

immunohistochemistry using the cleaved-gadermin D 

(GSDMD)(Abmart, Shanghai, China). 

Cytokine measurement in the serum and brain

To observe the effect of Ac2-26 on inflammation induced by PCB, 



we detected TNF-α, IL-1β, IL-6, and IL-10 levels and S100 

Calcium-binding protein β (S100β) and Neuron-specific enolase 

(NSE) in the serum using commercial ELISA kits (Wuhan, China). 

The brain tissue was collected and homogenized in saline (1:9) to 

prepare brain homogenates. The homogenate was centrifuged at 

14,000 × g for 10 min at 4 °C, and the supernatant was collected. 

All supernatants were tested using ELISA kits according to the 

manufacturer’s instructions.

Cerebral oxidative stress response after CPB

To explore the effect of Ac2-26 on oxidative stress response 

induced by CPB, the concentrations of malondialdehyde (MDA), 

and activity of myeloperoxidase (MPO) and xanthine oxidase (XO) 

in brain tissues were tested with a Coomassie blue dye-binding 

assay (Nanjing Jiancheng Corp, China). 

Western blotting

Brain hippocampal samples were lysed with RIPA buffer. The 

protein levels in brain tissue were detected using the Bradford 

method. After confirmation of the protein concentration, equal 

amounts of protein from each rat were added to the gels and 

transferred onto polyvinylidene fluoride (PVDF) membranes after 

electrophoresis. After the transfer of proteins, the PVDF membrane 

was blocked with 5% dry milk and incubated with primary 

javascript:;


antibodies of AKT1, GSK3β, NLRP3, cleaved caspase-1 (Cell 

Signaling Technology, USA), cleaved-GSDMD(Abmart, Shanghai, 

China). The incubated membrane was washed with PBS then 

incubated with a horseradish peroxidase-conjugated antibody 

(Santa Cruz Biotechnology, Santa Cruz, USA). The bands on the 

membrane were visualized with enhanced chemiluminescence 

developing solutions and quantified using ImageJ software.

Statistical analysis

The data of this study are presented as the means ± SD. The data 

were analyzed using analysis of variance (ANOVA) in SPSS 19.0 

(SPSS, Chicago, IL, USA). The difference between two groups was 

calculated using the Bonferroni test. P < 0.05 was considered 

statistically significant.

Results

Ac2-26 ameliorated neurological function after CPB

Compared to the sham group, the neurological score of rats in the 

CPB group was significantly higher. Ac2-26 notably down-regulated 

the neurological score in rats underwent CPB, and the shRNA and 

inhibitor of GSK3β notably inhibited the improvement of Ac2-26 on 

neurological score (Figure 1A). 

Ac2-26 improved the blood‒brain barrier after CPB

After CPB, the (wet weight – dry weight)/weight ratio notably 



increased in the CPB group and decreased by Ac2-26 in the Ac 

group. Both the shRNA and inhibitor of GSK3β reduced the 

improvement of Ac2-26 on brain edema (Figure 1B).

S100β and NSE levels in the brain were also tested using 

commercial ELISA kits. After CPB, S100β and NSE significantly 

increased in the CPB group and decreased by Ac2-26. The 

Ac2-26-induced decrease in S100β and NSE was partially reduced 

by shRNA and inhibitor of GSK3β (Figure 1C and D).

Ac2-26 mitigated the pathological brain injury

Histological analysis shows the normal hippocampal neurons, 

which exhibited clear boundaries and a normal structure. In sham 

group, the neuronal cells in hippocampus CA1 region were 

arranged with regular and orderly, clear and neatly, and stained 

uniform. After 12 hours of CPB, the typical brain injuries, such as 

cellular degeneration and abnormal cell arrangements, were 

observed in rats of CPB group. Compared with sham group, the 

neuronal cells in CPB group were damaged and presented severe 

disordered with staining ununiform. Compared with CPB group, the 

arrangement and staining of neuronal cells was improved by 

Ac2-26, and the improvement of Ac2-26 was attenuated by shRNA 

and inhibitor of GSK3β(Figure2A). The histological score and 

statistical results were presented in Figure 2B.



Ac 2-26 improved neuronal survival

The neurons in hippocampal CA1 region and cortex were assessed. 

Compared to the sham group, neuronal survival in the hippocampal 

CA1 and cortex region was significantly decreased in the CPB 

group. Compared to the CPB group, Ac2-26 significantly improved 

neuronal survival, but the shRNA and inhibitor of GSK3β 

significantly reduced the Ac2-26-induced improvement in neuronal 

survival (Figure 3A and 3B).

Ac 2-26 reduced pyroptosis of neurons

We detected the pyroptosis induced by CPB in brain tissue using 

immunohistochemistry and western blot. Compared to the sham 

group, severe pyroptosis in brain tissue were detected after 12 

hours of CPB. Compared to the CPB group, Ac2-26 significantly 

decreased the number of positive cells in the hippocampus, but the 

shRNA and inhibitor of GSK3β partially reversed the reduction of 

Ac2-26 on pyroptosis (Figure 4A). The percentage of pyroptosis was 

presented in Figure 4B. 

We also detected pyroptotic proteins in the brain tissue to further 

investigate the effect of Ac2-26 on pyroptosis induced by CPB. 

After CPB, the pyroptotic protein NLRP3, cleaved caspase-1 and 

cleaved-GSDMD were significantly increased, and the Ac2-26 

inhibited the increase of pyroptotic proteins. The inhibition of 



Ac2-26 on pyroptotic proteins was attenuated by the shRNA and 

inhibitor of GSK3β (Figure 4C).

Ac2-26 inhibited local inflammation after CPB

After CPB, the levels of TNF-α, IL-1β, IL-6, IL-10 were significantly 

increased in the brain. Ac2-26 reduced TNF-α, IL-1β and IL-6 

concentrations but upregulated IL-10 in the Ac group. However, 

the shRNA and inhibitor of GSK3β partially reversed the regulatory 

effect of Ac2-26 on inflammatory cytokines (Figure 5A and B).

Ac2-26 inhibited cerebral oxidative stress response after CPB

After 12 hours of CPB, the MDA levels and MPO and XO activation 

in the brain tissues were tested. After CPB, the concentration of 

MDA was significantly increased in brain tissue. The activity of 

MPO and XO was also up-regulated in brain tissue (P<0.05). 

Compared with CPB group, the Ac2-26 notably decreased the levels 

of MDA and down-regulated the activity of MPO and XO after CPB 

(P<0.05). The anti-oxidative effect of Ac2-26 was significantly 

alleviated by the shRNA and inhibitor of GSK3β (Figure 6).

Ac2-26 reduced the brain injury depended on AKT1/GSK3β 

pathway

To investigate the mechanism of Ac2-26 on pyroptosis induced by 

CPB, we administrated the agonist of GSK3β[24] (Wortmannin 

15μg/kg[25]) to rats received shRNA and inhibitor of GSK3β to rats 



received Ac2-26. After CPB, the AKT1 expression in brain was 

down-regulated, but up-regulated by the Ac2-26. The shRNA 

significantly decreased the expression of AKT1 even underwent 

stimulation of Ac2-26. The inhibitor of GSK3β did not affect the 

expression of AKT1. We also found the phosphorylation of GSK3β 

was inhibited after CPB in brain tissue. The Ac2-26 promoted the 

phosphorylation of GSK3β after CPB. However, the promotion of 

Ac2-26 on GSK3β was notably reduced by the shRNA (Figure 7A). 

We also tested the pyroptosis in brain tissue. The protection of 

Ac2-26 on pyroptosis was mainly lessened by the shRNA, but 

almost reversed by the agonist of GSK3β (Figure 7B). 

Discussion

The results of the present study indicated that Ac2-26 mitigated the 

pathological injury and improved cerebral function after CPB via 

inhibition of inflammation, improvement of brain edema, and 

regulation of pyroptotic proteins. The protection of Ac2-26 on brain 

injury after CPB was associated with promotion of AKT1/GSK3β. 

CPB is an essential life supporting technique for cardiac surgery. 

However, CPB induces systemic inflammation and cerebral 

ischemia reperfusion would lead to severe brain injury, which is 

characterized by postoperative cognitive dysfunction, delirium, and 

stroke [12, 26]. Postoperative brain injury after CPB is strongly 



associated with short- and long-term outcomes[7], such as 

prolonged ICU and hospital stays, morbidity and mortality[2, 27]. It 

had been indicated that 30-80% of discharge patients were 

diagnosed POCD, even 20-40% of patients experienced cognitive 

impairment for postoperative 6 months[28]. Therefore, effective 

treatment for brain injury is important for patients underwent CPB. 

In this study, we first examined the neurological score, brain 

wet/dry weight ratio and histological score to estimate the effect of 

Ac2-26 on brain injury after CPB. The neurological score, brain 

wet/dry weight ratio and histological score were deteriorated after 

CPB and Ac2-26 improved the neurological score and brain blood–

brain barrier, and pathological score. These results indicated that 

CPB induced severe cerebral dysfunction, brain edema and brain 

injury and Ac2-26 significantly improved cerebral function and 

brain blood–brain barrier, and reduced brain injury after CPB. To 

further assess the effect of Ac2-26 on brain injury, we also detected 

the levels of S100β and NSE in serum. S100β and NSE were 

frequently identified as biomarkers of brain injury. S100β is 

secreted by mature astroglial cells and Schwann cells, and plays 

critical role in neuronal survival, neurite extension, axonal 

proliferation and Ca2+-fluxes[29]. Similar to S100β, as a glycolytic 

enzyme, NSE is mainly presented in neuronal and neuroendocrine 



tissues, and promotes the conversion of 2-phosphoglycerate to 

phosphoenolpyruvate. During neuron pathological process, NSE is 

released into peripheral blood and usually considered to be 

biomarker of brain injury [28]. Ashraf et al. [35] found that IL-6 

strongly promoted the expression of S100-฀ during the CPB 

procedure[30]. When the local or systemic inflammation disrupts 

the blood-brain barrier, significant S100-฀ and NSE is released into 

peripheral blood. Therefore, the levels of S100-฀ and NSE in 

peripheral blood are sensitive to brain injury[31] and are generally 

regarded as specific markers of brain injury[32, 33]. In this study, 

the Ac2-26 notably decreased the levels of S100β and NSE in brain 

tissue and serum. The results of S100β and NSE were further 

suggested that Ac2-26 could attenuated the cerebral injury and 

improved neurological function. These results suggested that 

Ac2-26 notably reduced brain injury after CPB, which is consistent 

with previous studies[15, 34]. 

Although the exact mechanism of postoperative brain injury after 

CPB is not clear, local ischemia reperfusion injury and SIRS are 

identified to be major factors for brain injury after CPB[10, 11]. 

During CPB, contact of blood with artificial surfaces activates 

proinflammatory cells, and these cells further release inflammatory 

cytokines, including TNF-α, IL-1β, and IL-6. These cytokines 



infiltrate into the blood‒brain barrier and damage brain tissue[35]. 

During CPB, the activated microglia of brain tissue also produces 

many cytokines that contribute to brain injury in combination with 

SIRS[15]. The severity of inflammation was strongly associated 

with the expression of S100-฀ protein and NSE. Therefore, we 

postulated that the protective effect of Ac2-26 on brain injury may 

be associated with anti-inflammation of Ac2-26. The present study 

detected the concentrations of inflammatory factors in the brain 

and serum. We found that Ac2-26 down-regulated the 

proinflammatory factors, including TNF-α, IL-1β, and IL-6, and 

up-regulated the anti-inflammatory factor IL-10. These results are 

consistent with previous studies[15, 17]. The anti-inflammatory 

effect of Ac2-26 was mainly attributed to the inhibition of activity of 

NF-κB[13, 17]. During CPB, the NF-κB of inflammatory cells was 

activated and promoted the secretion of inflammatory factors into 

brain tissue and the peripheral blood, which ultimately contributed 

to local and systemic inflammation. In this study, we found that 

Ac2-26, inhibited the activity of NF-κB[13, 15, 17] and reduced the 

production of cytokines. The anti-inflammatory effect of Ac2-26 was 

also associated with the promotion of IL-10. As an important 

anti-inflammatory factor, IL-10 inhibits the synthesis of 

proinflammatory cytokines, including TNF-α, IL-1β and IL-6[36]. 



During CPB, the brain tissue generally undergoes lower perfusion 

[10], which results in an oxidative stress response and activation of 

neutrophils contributed to oxidative stress response. The anaerobic 

metabolism of neuron and inflammatory cells during CPB would 

activate the XO, and as a major source of free radicals, the 

activated XO promoted release of reactive oxygen species (ROS) 

during the reoxygenation in brain tissue. Moreover, the activated 

neutrophils during CPB would infiltrate into brain tissue and 

produced the ROS and resulted in brain damage[37, 38]. During 

CPB, MPO released from activated microglia and astrocytes in 

hypoxemia brain tissue, resulting in an increase of reactive 

oxidants and free radicals and injured the brain tissue. In addition, 

the ROS not only damaged the cell, but also further led to lipid 

peroxidation, and finally induced the produce of MDA, which is the 

final product of lipid peroxidation [24]. In this study, we found the 

Ac2-26 significantly reduced the MDA levels in brain tissue, which 

represented the Ac2-26 inhibited severity of oxidative stress 

response[39]. The anti-oxidant effect of Ac2-26 is associated with 

the inhibiting of Ac2-26 on activity of XO and MPO. Ac2-26 had 

been reported to mitigated the inflammation by inhibiting the 

migration of neutrophils[40] and promoting apoptosis of 

neutrophils[41]. Therefore, these results demonstrated that Ac2-26 



protected brain injury after CPB also partly depended on the 

anti-oxidative effect.  

During CPB, the neuronal cell death induced by inflammatory 

factors and reactive oxygen species influenced the outcome of 

animals[15, 18]. As a new programmed cell death mechanism, 

pyroptosis had been indicated to play critical role in different brain 

injury[42-44]. However, there was no study investigate the role of 

pyroptosis in pathology of brain injury after CPB. In this study, we 

firstly examined the expression of cleaved-GSDMD in brain tissue 

using immunohistochemistry. We found the positive cells were 

significantly increased after CPB in brain tissue. This result implied 

that pyroptosis may be involved in pathology of brain injury after 

CPB. The cell swelling, plasma membrane pores formation and 

extravasation of IL-1, IL‐18 and lactate dehydrogenase (LDH) are 

considered to be pathogenic symptoms of pyroptosis[45]. In 

present study, the LDH, IL-1 and IL-18 in brain tissue were also 

increased in brain tissue, and these results further implicated that 

cerebral pyroptosis played important role in brain injury after CPB. 

Compared with CPB group, the Ac2-26 significantly decreased the 

positive cells of cleaved-GSDMD and reduced the levels of LDH, 

IL-1 and IL-18. These results indicated that Ac2-26 notably 

inhibited neuronal pyroptosis after CPB. According to previous 



studies, the NLRP3 inflammasome and precursor of caspase‐1 

(pro‐caspase‐1), plays an essential role in the initial phase of 

pyroptosis[46]. Under activation of NLRP3, the activated caspase‐1 

is cleaved, and then the cleaved caspase 1 further cleaved the 

GSDMD, and finally resulting in the formation of membrane pores 

and the release of IL‐1β and IL‐18 [45, 47]. In this study, we found 

that Ac2-26 significantly lessened the expression of NLRP3, 

cleaved-caspase1 and cleaved-GSDMD. These results suggested 

that the protection of Ac2-26 on brain injury induced by CPB may 

be associated with regulation of pyroptosis. 

Our previous studies demonstrated that organic protection of 

Ac2-26 was associated with the promotion of eNOS [16, 17]. 

Considering the main promotion of AKT1 on eNOS[48], and cellular 

proliferation, migration, and survival of the GSK3β, which is 

important down-stream of AKT1, we assumed that Ac2-26 

presented cerebral protection in CPB via promotion of AKT1/GSK3β 

pathway. To certify this postulation, we administrated shRNA to 

knock-down the AKT1 and inhibitor or agonist of GSK3β to rats 

received Ac2-26. We found that shRNA and inhibitor of GSK3β 

notably weakened the protection of Ac2-26. However, in the rats 

received shRNA, the agonist of GSK3β almost recovered the 

protective effect of Ac2-26 on brain injury. This result further 



suggested that therapy of Ac2-26 on brain injury partly depended 

on promotion of AKT1/GSK3β. 

Conclusion

Based on these results, we concluded that Ac2-26 reduced 

CPB-induced neuron pyroptosis, improved cerebral function and 

pathological injury via inhibition of inflammation and oxidative 

stress response. The protective effect of Ac2-26 primarily depended 

on the promotion of AKT1/GSK3β. 

Acknowledge

This study was supported by grants from the Heilongjiang Natural 

Science Foundation (YQ2019H009).

Conflict of interest

There is no interest or conflict in this article.

References

1. Kim J, Villarroel JP, Zhang W, Yin T, Shinozaki K, Hong A, Lampe JW, 

Becker LB: The Responses of Tissues from the Brain, Heart, Kidney, 

and Liver to Resuscitation following Prolonged Cardiac Arrest by 

Examining Mitochondrial Respiration in Rats. Oxid Med Cell Longev 

2016, 2016:7463407.

2. Anyanwu AC, Filsoufi F, Salzberg SP, Bronster DJ, Adams DH: 

Epidemiology of stroke after cardiac surgery in the current era. J 

Thorac Cardiovasc Surg 2007, 134(5):1121-1127.

3. Qin J, Ma Q, Ma D: Low-dose Sevoflurane Attenuates 

Cardiopulmonary Bypass (CPB)- induced Postoperative Cognitive 

Dysfunction (POCD) by Regulating Hippocampus Apoptosis via 

PI3K/AKT Pathway. Curr Neurovasc Res 2020, 17(3):232-240.

4. van Norden J, Spies CD, Borchers F, Mertens M, Kurth J, Heidgen J, Pohrt 

A, Mueller A: The effect of peri-operative dexmedetomidine on the 

incidence of postoperative delirium in cardiac and non-cardiac 

surgical patients: a randomised, double-blind placebo-controlled 



trial. Anaesthesia 2021, 76(10):1342-1351.

5. Brown CH: Delirium in the cardiac surgical ICU. Curr Opin 

Anaesthesiol 2014, 27(2):117-122.

6. Kotekar N, Shenkar A, Nagaraj R: Postoperative cognitive dysfunction 

- current preventive strategies. Clin Interv Aging 2018, 13:2267-2273.

7. Nguyen Q, Uminski K, Hiebert BM, Tangri N, Arora RC: Midterm 

outcomes after postoperative delirium on cognition and mood in 

patients after cardiac surgery. J Thorac Cardiovasc Surg 2018, 

155(2):660-667 e662.

8. Franco K, Litaker D, Locala J, Bronson D: The cost of delirium in the 

surgical patient. Psychosomatics 2001, 42(1):68-73.

9. Lewis C, Levine A, Balmert LC, Chen L, Sherwani SS, Nemeth AJ, 

Grafman J, Gottesman R, Brown CHt, Hogue CW: Neurocognitive, 

Quality of Life, and Behavioral Outcomes for Patients With Covert 

Stroke After Cardiac Surgery: Exploratory Analysis of Data From a 

Prospectively Randomized Trial. Anesth Analg 2021.

10. Berger M, Terrando N, Smith SK, Browndyke JN, Newman MF, Mathew 

JP: Neurocognitive Function after Cardiac Surgery: From 

Phenotypes to Mechanisms. Anesthesiology 2018, 129(4):829-851.

11. Sun LY, Chung AM, Farkouh ME, van Diepen S, Weinberger J, Bourke M, 

Ruel M: Defining an Intraoperative Hypotension Threshold in 

Association with Stroke in Cardiac Surgery. Anesthesiology 2018, 

129(3):440-447.

12. Cropsey C, Kennedy J, Han J, Pandharipande P: Cognitive Dysfunction, 

Delirium, and Stroke in Cardiac Surgery Patients. Semin 

Cardiothorac Vasc Anesth 2015, 19(4):309-317.

13. Ju Y, Qiu L, Sun X, Liu H, Gao W: Ac2-26 mitigated acute respiratory 

distress syndrome rats via formyl peptide receptor pathway. Ann 

Med 2021, 53(1):653-661.

14. Ruger M, Kipp E, Schubert N, Schroder N, Pufe T, Stope MB, Kipp M, 

Blume C, Tauber SC, Brandenburg LO: The formyl peptide receptor 

agonist Ac2-26 alleviates neuroinflammation in a mouse model of 

pneumococcal meningitis. J Neuroinflammation 2020, 17(1):325.

15. Zhang Z, Ma Q, Shah B, Mackensen GB, Lo DC, Mathew JP, Podgoreanu 

MV, Terrando N: Neuroprotective Effects of Annexin A1 Tripeptide 

after Deep Hypothermic Circulatory Arrest in Rats. Front Immunol 

2017, 8:1050.

16. Gong J, Ju YN, Wang XT, Zhu JL, Jin ZH, Gao W: Ac2-26 ameliorates 

lung ischemia-reperfusion injury via the eNOS pathway. Biomed 

Pharmacother 2019, 117:109194.

17. Gong J, Tai QH, Xu GX, Wang XT, Zhu JL, Zhao XQ, Sun HB, Zhu D, Gao 

W: Ac2-26 Alleviates Brain Injury after Cardiac Arrest and 

Cardiopulmonary Resuscitation in Rats via the eNOS Pathway. 

Mediators Inflamm 2020, 2020:3649613.



18. Chen K, Wang N, Diao Y, Dong W, Sun Y, Liu L, Wu X: Hydrogen-Rich 

Saline Attenuates Brain Injury Induced by Cardiopulmonary 

Bypass and Inhibits Microvascular Endothelial Cell Apoptosis Via 

the PI3K/Akt/GSK3beta Signaling Pathway in Rats. Cell Physiol 

Biochem 2017, 43(4):1634-1647.

19. Sun H, Zhao X, Tai Q, Xu G, Ju Y, Gao W: Endothelial colony-forming 

cells reduced the lung injury induced by cardiopulmonary bypass 

in rats. Stem Cell Res Ther 2020, 11(1):246.

20. Zhou X, Jiang R, Dong Y, Wang L: Remote ischemic preconditioning 

attenuates cardiopulmonary bypass-induced lung injury. PLoS One 

2017, 12(12):e0189501.

21. Bianchini EP, Sebestyen A, Abache T, Bourti Y, Fontayne A, Richard V, 

Tamion F, Plantier JL, Doguet F, Borgel D: Inactivated antithombin as 

anticoagulant reversal in a rat model of cardiopulmonary bypass: a 

potent and potentially safer alternative to protamine. Br J Haematol 

2018, 180(5):715-720.

22. Park DW, Jiang S, Liu Y, Siegal GP, Inoki K, Abraham E, Zmijewski JW: 

GSK3beta-dependent inhibition of AMPK potentiates activation of 

neutrophils and macrophages and enhances severity of acute lung 

injury. Am J Physiol Lung Cell Mol Physiol 2014, 307(10):L735-745.

23. Kahler CM, Wechselberger J, Hilbe W, Gschwendtner A, Colleselli D, 

Niederegger H, Boneberg EM, Spizzo G, Wendel A, Gunsilius E et al: 

Peripheral infusion of rat bone marrow derived endothelial 

progenitor cells leads to homing in acute lung injury. Respiratory 

research 2007, 8:50.

24. Wang L, Li N, Shi FX, Xu WQ, Cao Y, Lei Y, Wang JZ, Tian Q, Zhou XW: 

Upregulation of AMPK Ameliorates Alzheimer's Disease-Like Tau 

Pathology and Memory Impairment. Mol Neurobiol 2020, 

57(8):3349-3361.

25. Tsutsumi YM, Horikawa YT, Jennings MM, Kidd MW, Niesman IR, 

Yokoyama U, Head BP, Hagiwara Y, Ishikawa Y, Miyanohara A et al: 

Cardiac-specific overexpression of caveolin-3 induces endogenous 

cardiac protection by mimicking ischemic preconditioning. 

Circulation 2008, 118(19):1979-1988.

26. Lomivorotov VV, Moroz G, Abubakirov M, Osinsky R, Landoni G: Volatile 

and Intravenous Anesthetics for Brain Protection in Cardiac 

Surgery: Does the Choice of Anesthesia Matter? J Cardiothorac Vasc 

Anesth 2021.

27. Pisani MA, Kong SY, Kasl SV, Murphy TE, Araujo KL, Van Ness PH: Days 

of delirium are associated with 1-year mortality in an older 

intensive care unit population. Am J Respir Crit Care Med 2009, 

180(11):1092-1097.

28. Newman MF, Kirchner JL, Phillips-Bute B, Gaver V, Grocott H, Jones RH, 

Mark DB, Reves JG, Blumenthal JA, Neurological Outcome Research G et 



al: Longitudinal assessment of neurocognitive function after 

coronary-artery bypass surgery. N Engl J Med 2001, 344(6):395-402.

29. Ali MS, Harmer M, Vaughan R: Serum S100 protein as a marker of 

cerebral damage during cardiac surgery. Br J Anaesth 2000, 

85(2):287-298.

30. Ashraf S, Bhattacharya K, Tian Y, Watterson K: Cytokine and S100B 

levels in paediatric patients undergoing corrective cardiac surgery 

with or without total circulatory arrest. Eur J Cardiothorac Surg 1999, 

16(1):32-37.

31. Groom RC, Quinn RD, Lennon P, Welch J, Kramer RS, Ross CS, Beaulieu 

PA, Brown JR, Malenka DJ, O'Connor GT et al: Microemboli from 

cardiopulmonary bypass are associated with a serum marker of 

brain injury. J Extra Corpor Technol 2010, 42(1):40-44.

32. Herrmann M, Ebert AD, Galazky I, Wunderlich MT, Kunz WS, Huth C: 

Neurobehavioral outcome prediction after cardiac surgery: role of 

neurobiochemical markers of damage to neuronal and glial brain 

tissue. Stroke 2000, 31(3):645-650.

33. Rundgren M, Karlsson T, Nielsen N, Cronberg T, Johnsson P, Friberg H: 

Neuron specific enolase and S-100B as predictors of outcome after 

cardiac arrest and induced hypothermia. Resuscitation 2009, 

80(7):784-789.

34. Liu H, He J, Wu Y, Du Y, Jiang Y, Chen C, Yu Z, Zhong J, Wang Z, Cheng C 

et al: Endothelial Regulation by Exogenous Annexin A1 in 

Inflammatory Response and BBB Integrity Following Traumatic 

Brain Injury. Front Neurosci 2021, 15:627110.

35. Terrando N, Eriksson LI, Ryu JK, Yang T, Monaco C, Feldmann M, Jonsson 

Fagerlund M, Charo IF, Akassoglou K, Maze M: Resolving 

postoperative neuroinflammation and cognitive decline. Ann Neurol 

2011, 70(6):986-995.

36. Opal SM, DePalo VA: Anti-inflammatory cytokines. Chest 2000, 

117(4):1162-1172.

37. Palmer LJ, Cooper PR, Ling MR, Wright HJ, Huissoon A, Chapple IL: 

Hypochlorous acid regulates neutrophil extracellular trap release 

in humans. Clinical and experimental immunology 2012, 

167(2):261-268.

38. Hasegawa T, Malle E, Farhood A, Jaeschke H: Generation of 

hypochlorite-modified proteins by neutrophils during 

ischemia-reperfusion injury in rat liver: attenuation by ischemic 

preconditioning. American journal of physiology Gastrointestinal and 

liver physiology 2005, 289(4):G760-767.

39. Liu KX, Wu WK, He W, Liu CL: Ginkgo biloba extract (EGb 761) 

attenuates lung injury induced by intestinal ischemia/reperfusion 

in rats: roles of oxidative stress and nitric oxide. World journal of 

gastroenterology 2007, 13(2):299-305.



40. Walther A, Riehemann K, Gerke V: A novel ligand of the formyl 

peptide receptor: annexin I regulates neutrophil extravasation by 

interacting with the FPR. Mol Cell 2000, 5(5):831-840.

41. Solito E, Kamal A, Russo-Marie F, Buckingham JC, Marullo S, Perretti M: 

A novel calcium-dependent proapoptotic effect of annexin 1 on 

human neutrophils. FASEB J 2003, 17(11):1544-1546.

42. Xu P, Tao C, Zhu Y, Wang G, Kong L, Li W, Li R, Li J, Zhang C, Wang L et 

al: TAK1 mediates neuronal pyroptosis in early brain injury after 

subarachnoid hemorrhage. J Neuroinflammation 2021, 18(1):188.

43. Chang Y, Zhu J, Wang D, Li H, He Y, Liu K, Wang X, Peng Y, Pan S, Huang 

K: NLRP3 inflammasome-mediated microglial pyroptosis is 

critically involved in the development of post-cardiac arrest brain 

injury. J Neuroinflammation 2020, 17(1):219.

44. Cao Y, Shi M, Liu L, Zuo Y, Jia H, Min X, Liu X, Chen Z, Zhou Y, Li S et al: 

Inhibition of neutrophil extracellular trap formation attenuates 

NLRP1-dependent neuronal pyroptosis via STING/IRE1alpha 

pathway after traumatic brain injury in mice. Front Immunol 2023, 

14:1125759.

45. Paik S, Kim JK, Silwal P, Sasakawa C, Jo EK: An update on the 

regulatory mechanisms of NLRP3 inflammasome activation. Cell 

Mol Immunol 2021, 18(5):1141-1160.

46. Qiu Z, Lei S, Zhao B, Wu Y, Su W, Liu M, Meng Q, Zhou B, Leng Y, Xia ZY: 

NLRP3 Inflammasome Activation-Mediated Pyroptosis Aggravates 

Myocardial Ischemia/Reperfusion Injury in Diabetic Rats. Oxid Med 

Cell Longev 2017, 2017:9743280.

47. Liang H, Liu Y: Gasdermins pore cell membrane to pyroptosis. Sci 

China Life Sci 2016, 59(10):1090-1092.

48. Chen J, Somanath PR, Razorenova O, Chen WS, Hay N, Bornstein P, 

Byzova TV: Akt1 regulates pathological angiogenesis, vascular 

maturation and permeability in vivo. Nat Med 2005, 

11(11):1188-1196.



Figures

Figure 1

Ac2-26 ameliorated brain injury after CPB

Compared to the sham group, the neurological score in the CPB group was signi�cantly higher. Compared
to CPB, Ac2-26 notably up-regulated the score, and shRNA and inhibitor of GSK3β reduced the effect of



Ac2-26 (Figure 1A). After CPB, the (wet weight – dry weight)/weight ratio notably increased in the CPB
group and decreased by Ac2-26 in the Ac group. The shRNA and inhibitor of GSK3β reduced the
improvement in brain edema (Figure 1B). Similar, S100β and NSE increased signi�cantly after CPB, but
decreased by Ac2-26. The Ac2-26-induced decrease in S100β and NSE was partially reduced by shRNA
and inhibitor of GSK3β (Figure 1C and D).

Figure 2

Ac2-26 mitigated the pathological brain injury

Figure 2A shows the normal hippocampal neurons, which exhibited clear boundaries and a normal
structure in the sham group. Compared to the sham group, Figure 2B presents typical brain injuries, such
as cellular degeneration and abnormal cell arrangements, in the CPB group. Compared to the CPB group,
Ac2-26 signi�cantly alleviated the pathological injury in the Ac group, but the shRNA and inhibitor of
GSK3β notably reversed the Ac2-26-induced effects (Figure 3).

Figure 3

Ac 2-26 improved neuronal survival after CPB

The survival of neurons in hippocampal and cortex were presented in A and B respectively.



In section A, the neuronal survival in the hippocampal CA1 region was signi�cantly decreased in the CPB
group. Compared to the CPB group, Ac2-26 signi�cantly improved neuronal survival, but the shRNA and
inhibitor of GSK3β signi�cantly reduced the Ac2-26-induced improvement in neuronal survival.

Similar with section A, the neurons in cortex were also signi�cantly reduced after CPB. The Ac2-26
notably increased the neurons survival rate in rats received Ac2-26 treatment. Nevertheless, the shRNA
and inhibitor of GSK3β lessened the biological effect of Ac2-26.

Figure 4

Ac 2-26 reduced the pyroptosis in brain tissue after CPB

The pyroptosis was evaluated by the immunohistochemistry using cleaved GSDMD antibody (A). The
positive pyroptotic cells in hippocampus region were increased after induction of CPB, but the Ac2-26
signi�cantly decreased the positive pyroptotic cells. However, the shRNA and inhibitor of
GSK3β signi�cantly reduced the Ac2-26-induced anti-pyroptotic effect. The pyroptotic index was
presented in Figure 4B.

The pyroptotic proteins in brain tissue, including NLRP3, cleaved caspase1 and cleaved GSDMD, were
detected (B). After 12 hours of CPB, the pro-pyroptotic protein NLRP3, cleaved caspase1 and cleaved
GSDMD in brain tissue were up-regulated, but down-regulated by the Ac2-26. Compared with Ac group,
the shRNA and inhibitor of GSK3β alleviated the regulation of Ac2-26 on pyroptotic proteins (C).



Figure 5

Ac2-26 inhibited local and systemic in�ammation after CPB

After 12 hours of CPB, TNF-α, IL-1β, IL-6, and IL-10 were signi�cantly increased in the brain tissue (A) and
serum (B). Ac2-26 reduced TNF-α, IL-1β and IL-6 but upregulated IL-10 in the Ac group. However, the AKT1
RNA interference partially reversed the regulatory effect of Ac2-26 on in�ammatory cytokines.

Figure 6



Ac 2-26 inhibited oxidative stress response

After 12 hours of CPB, the MDA levels and activity of MPO and XO in the brain tissues were tested. After
CPB, the concentration of MDA was signi�cantly increased in brain tissue. The activity of MPO and XO
was also up-regulated in brain tissue. In Ac group, the Ac2-26 notably decreased the levels of MDA and
down-regulated the activity of MPO and XO after CPB. The anti-oxidative effect of Ac2-26 was
signi�cantly alleviated by the shRNA and inhibitor of GSK3β.

Figure 7

Ac 2-26 inhibited oxidative stress response

After 12 hours of CPB, the treatment of Ac2-26 on brain damage was totally regained by the agonist of
GSK3β (Figure 7A)

Like pathological evaluation, the shRNA signi�cantly lessened the anti-pyroptotic effect of Ac2-26 in
Ac/AKT1 group, but the agonist of GSK3β almost recovered by biological effect of Ac2-26 (Figure 7B).

After CPB, the phosphorylation of AKT1 and GSK3β in brain was up-regulated by the Ac2-26. However, the
promotion of Ac2-26 on phosphorylation of AKT1 and GSK3β was notably reduced by the shRNA. The
agonist of GSK3β did not in�uence the phosphorylation of AKT1,  but notably recovered the
phosphorylation of GSK3β. (Figure 7C).


