
842  |  	﻿�  CNS Neurosci Ther. 2021;27:842–856.wileyonlinelibrary.com/journal/cns

Received: 9 February 2021  | Revised: 29 March 2021  | Accepted: 30 March 2021

DOI: 10.1111/cns.13645  

O R I G I N A L  A R T I C L E

Galectin-1 ameliorates perioperative neurocognitive disorders 
in aged mice

Zhiwen Shen1,2 |   Hui Xu1,2 |   Wen Song1,2 |   Chuwen Hu1,2 |   Mingyan Guo1,2 |   
Jinfeng Li3 |   Junhua Li1,2,4

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. CNS Neuroscience & Therapeutics published by John Wiley & Sons Ltd.

Zhiwen Shen, Hui Xu and Wen Song contributed equally to this work. 

1Department of Anesthesiology, Sun 
Yat-sen Memorial Hospital, Sun Yat-sen 
University, Guangzhou, China
2Guangdong Provincial Key Laboratory 
of Malignant Tumor Epigenetics and 
Gene Regulation, Sun Yat-sen Memorial 
Hospital, Sun Yat-sen University, 
Guangzhou, China
3Department of Anesthesiology, The 
Second Affiliated Hospital of Guangzhou 
University of Chinese Medicine, 
Guangzhou, China
4Guangdong Province Key Laboratory of 
Brain Function and Disease, Zhongshan 
School of Medicine, Sun Yat-sen 
University, Guangzhou, China

Correspondence
Junhua Li, Department of Anesthesiology, 
Sun Yat-sen Memorial Hospital, Sun Yat-
sen University, Guangzhou 510120, China.
Email: lijh259@mail.sysu.edu.cn

Jinfeng Li, Department of Anesthesiology, 
the Second Affiliated Hospital of 
Guangzhou University of Chinese 
Medicine, Guangzhou 510120, China.
Email: ljf2525@163.com

Funding information
This work was supported by the Natural 
Science Foundation of Guangdong 
Province, China (No.2016A030313827, 
No.2018A0303130272); the Science 
and Technology Planning Project of 
Guangzhou, China (No. 201707010207).

Abstract
Introduction: The incidence of perioperative neurocognitive disorders (PND) is higher 
in the elderly patients undergoing surgery. Microglia activation-mediated neuroin-
flammation is one of the hallmarks of PND. Galectin-1 has been identified as a pivotal 
modulator in the central nervous system (CNS), while the role of galectin-1 in PND 
induced by microglia-mediated neuroinflammation is still undetermined.
Methods: An exploratory laparotomy model anesthetized with isoflurane was em-
ployed to investigate the role of galectin-1 on PND in aged mice. Open field test and 
Morris water maze were used to test the cognitive function 3- or 7-days post-surgery. 
The activation of microglia in the hippocampus of aged mice was tested by immu-
nohistochemistry. Western blot, enzyme-linked immunosorbent assay (ELISA), and 
quantitative real-time polymerase chain reaction (qRT-PCR) were employed to eluci-
date the underlying mechanisms.
Results: Galectin-1 attenuated the cognitive dysfunction induced by surgery in aged 
mice and inhibited microglial activity. Moreover, galectin-1 decreased the expres-
sion level of inflammatory proteins (interleukin-1β, interleukin-6, and tumor necrosis 
factor-α), and prevented neuronal loss in the hippocampus. Galectin-1 inhibited the 
inflammation of BV2 microglial cells induced by lipopolysaccharide via decreasing the 
translocation of NF-κB p65 and c-Jun, while this kind of inhibition was rescued when 
overexpressing IRAK1.
Conclusion: Our findings provide evidence that galectin-1 may inhibit IRAK1 ex-
pression, thus suppressing inflammatory response, inhibiting neuroinflammation, 
and improving ensuing cognitive dysfunction. Collectively, these findings unveil that 
galectin-1 may elicit protective effects on surgery-induced neuroinflammation and 
neurocognitive disorders.
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1  |  INTRODUC TION

Perioperative neurocognitive disorders (PND) are common post-
operative complications, characterized by cognitive dysfunctions 
in the aged patient undergoing surgery and anesthesia. The occur-
rence of PND not only affects the quality of life and increases the 
burden of medical treatment, but also leads to increasing morbid-
ity and mortality.1–3 PND are accompanied by obvious neuroin-
flammation characterized by microgliosis, reactive astrocytosis, 
and increased levels of pro-inflammatory cytokines.4,5 Despite 
multiple pathological events have been proposed to be associated 
with PND,6,7 no effective clinical therapeutics treating PND has 
been developed.

As resident inflammatory cells in the central nervous system 
(CNS), microglia play a crucial role in neuroinflammation. Depending 
upon the nature of the original stimulation, the activated-microglia 
exert multifarious role that could be either detrimental or beneficial. 
Microglia usually stay at a resting condition, but when exposed to 
exogenous antigens such as viruses or bacteria, microglia are rap-
idly activated and become neurotoxic.8 In addition, the activation 
of microglial may augment the transcriptional activity of c-Jun and 
NF-κB p65 and accelerate their translocation from the cytoplasm 
to the nucleus, leading to the increased level of inflammatory cyto-
kines. Furthermore, activating microglia may promote to generate 
inflammatory proteins, such as interleukin-1β (IL-1β), interleukin-6 
(IL-6), and tumor necrosis factor-α (TNF-α), giving rise to neuroin-
flammation and the ensuing cognitive deficits.9,10 Consequently, the 
inactivation of microglial may attenuate neurocognitive dysfunction 
through attenuating the translocation of c-Jun and NF-κB p65 and 
neuroinflammation.

As a β-galactoside-binding protein, galectin-1 has various bio-
logical activities and acts as a critical regulator in neuroinflamma-
tion. It has been shown that the expression of galectin-1 is altered 
in neurological disorders and is associated with neuroinflamma-
tion.11,12 In vitro, galectin-1 modulates the function of microglia 
by reducing the LPS-stimulated pro-inflammatory cytokines (ni-
tric oxide and TNF-α) and contributing to the increased secretion 
of anti-inflammatory cytokines (TGF-β and IL-10).13 Moreover, 
both exogenous and endogenous galectin-1 play crucial role in 
deactivating microglia and facilitating a phenotype of alterna-
tive activation via regulating p38-MAPK, CREB, and NF-κB sig-
naling pathways.13 Whether galectin-1 attenuates perioperative 
neurocognitive disorders and the underlying mechanism are still 
undetermined.

In the present study, we provided evidence that galectin-1 treat-
ment attenuated surgery-induced microglia activation and disrup-
tion of neuronal integrity in aged mice. This issue indicates how 
galectin-1 exerted protective effect on PND, and demonstrates that 
galectin-1 may be therapeutic by inhibiting IRAK1-mediated trans-
location of c-Jun and NF-κB p65 and inflammatory response, which 
may retard the development of neuroinflammation and the ensuing 
neurocognitive dysfunction effectively.

2  |  METHODS AND MATERIAL S

2.1  |  Animals

C57BL/6 mice (male, 26–38 g, 18 months old) were purchased from 
Guangdong Medical Laboratory Animal Research Institute. All ani-
mals were housed in polypropylene cages and the relative humidity 
was maintained at 50  ±  10%. The room temperature was main-
tained at 22°C with a 12 h light-dark cycle. All of the experiment 
in this study were performed according to the National Institutes 
of Health Guidelines for experimental animals and all experimental 
protocols and procedures were approved by the animal care com-
mittee at Sun Yat-sen University. All animal data acquired in the cur-
rent study follows the ARRIVE guidelines.14 120 mice in total were 
enrolled in the present study and they were randomly allocated into 
experimental groups. At the end of the experiment, all experimental 
animals were sacrificed by dislocation of cervical vertebra.

2.2  |  Surgery

Anesthetized with 1.5% isoflurane, a modified abdominal explora-
tory laparotomy was performed.15 In an induction chamber with 
1.5% isoflurane and oxygen at 2 L/min, mice were first anesthetized. 
And after the mouse was exposed to isoflurane for 30 min, the ab-
dominal region was shaved and sterilized thoroughly using 0.5% io-
dine. Then, a 1 cm median abdominal incision was made, so that the 
peritoneal cavity was penetrated. Next, the intestine, musculature, 
and viscera were explored. Using sterile 4-0 chromic gut sutures, the 
peritoneal lining and skin were sutured. The entire surgical procedure 
was done under isoflurane anesthesia and lasted for 30 min. Neither 
surgery nor anesthesia was performed for the mice in the control 
group. During the process of surgery, the blood oxygen saturation of 
experimental mice was detected by a SPO2 probe for human infants.

2.3  |  Open field test (OFT)

The OFT was performed as we described before.16 In brief, OFT was 
performed in the center of open field device (50 cm × 50 cm × 37 cm), 
which consists of black floor and Plexiglass wall. By employing a video 
camera and the EthoVision™ XT 7.0 software (Noldus, Wageningen, 
Netherlands), the behaviors of experimental animals were recorded and 
analyzed. The chamber was cleaned thoroughly with 75% ethanol after 
each trial to avoid olfactory cues. The total traveling distance and speed 
were recorded and analyzed. All of the OFT were performed on POD 3.

2.4  |  Morris water maze (MWM)

The spatial memory performance of mice was assessed by MWM as 
described previously.17 Briefly, mice were first placed in the water 
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maze pool to adapt to the environment for 2 days. During the train-
ing stage, mice were released from three different quadrants and 
trained to find the hidden platform for five consecutive days and the 
time taken (latency) to find the hidden platform was recorded. On 
the sixth day of MWM test, the hidden platform was removed, and 
mice were set free to swim at the starting point for 60 s to test their 
memory (target quadrant traveling time and platform-crossing times 
were recorded). The MWM was performed on POD 3 and POD 7.

2.5  |  Experimental protocol

The mice were randomized into one of four experimental groups: (1) 
normal control group, (2) galectin-1 group, (3) surgery group, and (4) 
galectin-1+surgery group. The mice in the galectin-1 and galectin-
1+surgery groups received an intraperitoneal injection of galectin-1 
(0.5 mg/kg, PeproTech, USA) diluted in 0.1 ml of sterile saline 30 min 
prior to the surgery. The dose (0.5 mg/kg) of galectin-1 in vivo was 
chosen based on previous studies.13,18 We harvested peripheral 
blood (by heart puncture) and hippocampus 6  h after surgery to 
assess the acute inflammatory response. Moreover, on POD 1 and 
POD 7, we also obtained hippocampus for analyses of immunofluo-
rescence and Western blot.

2.6  |  Culture of primary microglial cell

Primary microglial cells were isolated from newborn mice (postnatal 
day 0–2). In brief, mice were euthanized and the brains were isolated 
in HBSS (H9269, Sigma), supplemented with 1% DNase (EN0521, 
Thermo) and 2.5% trypsin (15090–046, Gibco) for 15 min at 37°C. 
Cells were centrifuged at 1,000  ×  g for 5  min. The suspensions 
were incubated in the poly-L-lysine-pretreated flasks at a density of 
1 × 106 and incubated until 90% confluent. The flask was shaken for 
5 h at 180 rpm and centrifuged, so that we can collect the floating 
cells. Then, we suspended the pelleted cells and cultured them in 
DMEM/F12, which contained 1  mM of sodium pyruvate and 10% 
FBS in a 6-cm dish precoated with poly l-lysine (P8920, Sigma-
Aldrich) for 3 days to obtain the primary microglia.

2.7  |  BV2 cells

The murine microglial BV2 cell line was purchased from National 
Infrastructure of Cell Line Resource (China) and was cultured in 
Dulbecco's modified Eagle's medium (DMEM, Thermo Fisher, USA) 
supplemented with 10% fetal bovine serum (FBS), 0.1% penicillin/
streptomycin at 37°C in a 5% CO2 humidified incubator. The BV2 cells 
were treated with LPS (100 ng/mL, Sigma, China) with or without ga-
lectin-1 (5 μg/ml). The expression levels of inflammatory proteins and 
signaling molecules (c-Jun and p65) in BV2 cells 24 h after LPS treat-
ment were detected by ELISA and western blotting. Galectin-1 was ad-
ministered 30 min before LPS stimulation for all in vitro experiments.

2.8  |  Enzyme-linked immunosorbent assay (ELISA)

The level of IL-1β, IL-6, and TNF-α in peripheral blood, hippocampus, 
and cell supernatants were measured by ELISA kits (R&D Systems, 
MN) in strict accordance with manufacturer's instructions.

2.9  |  Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cultured cells in accordance with the 
manufacturer's protocol (Invitrogen, USA). By employing Superscript 
First-Strand cDNA Synthesis Kit (Invitrogen, USA), total RNA (1 μg) 
was reverse transcribed into cDNAs. SYBR Premix Ex Taq II kit 
(TAKARA, Japan) on LightCycler 480 System (Roche, Switzerland) 
was used to perform qRT-PCR. The oligonucleotide sequences of 
the qRT-PCR primers are listed in Table S1.

2.10  |  Plasmid and transfection

For overexpression of the IRAK1, BV2 cells were transfected with 
the plasmid pcDNA-3.1-IRAK1 (Hanheng Biotechnology, Shanghai, 
China) using Lipofectamine 2000 (Invitrogen, USA) according to the 
manufacturer's instructions. Plasmid pcDNA-3.1 was used as a con-
trol. In brief, BV2 cells were seeded in DMEM (10% FBS) and cultured 
until they achieved 80% confluence. We then replaced the culture 
medium with low-serum media (0.5% FBS), and then BV2 cells were 
transfected with 10 μg/well of plasmid. Cells were collected for fur-
ther study at 48 h post-transfection. The efficiency of IRAK1 over-
expression was measured qRT-PCR as indicated in Figure 8E.

2.11  |  Nitrite assay

Griess assay was employed to detect the accumulation of nitrite 
(NO2

−) in cultured supernatant. Microglial cells were first planted 
into 96-well plates at the density of 5 × 104 cells/well, and then the 
cells were treated with LPS (100 ng/ml) for 24 h. Next, 50 μl Griess 
reagent and 50  μl culture supernatant fluids were mixed together 
for 15 min at 37°C, and the absorbance was determined at 540 nm.

2.12  |  Luciferase reporter assay

Luciferase reporter assay was conducted as previously described. 
In brief, by employing Lipofectamine 3000 reagent (Invitrogen), 
BV2 cells were co-transfected with Renilla luciferase plasmid (pRL-
SV40-C) and AP-1 luciferase reporter plasmid or NF-κB luciferase 
reporter plasmid for 48 h. Then, the BV2 cells were treated with 
LPS (100  ng/mL) for 24  h with or without galectin-1 (5  μg/ml). 
Reporter activity was detected using Dual Luciferase Reporter 
Gene Assay Kit (Beyotime, China) according to the manufacturer's 
instructions.
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2.13  |  MTT cell viability assay

MTT assay was used to measure the cell viability in strict accord-
ance with the manufacturer's instruction. In brief, cells adminis-
tered with LPS for 6  h with or without galectin-1 were seeded 
at the density of 1 × 104 cells/well in 96-well plates and cultured 
for 24 h at 37°C. MTT (Sigma-Aldrich, M2128) was added to the 
cells at a final concentration of 0.5 mg/ml, and the cells were incu-
bated at 37℃ for another 4 h. Finally, cells were washed with PBS 
for three times and formazan crystals were dissolved in 100  ml 
DMSO. The absorbance was read at 490  nM using a microplate 
reader (PerkinElmer, USA).

2.14  |  Western blot

Proteins in cell culture media and hippocampal tissues were lysed 
in RIPA lysis buffer with protease inhibitor cocktail. Protein sam-
ples were subjected to 10% SDS-PAGE and transferred to PVDF 
membranes. The membranes were subsequently incubated with 
antibodies iNOS (Abcam #ab178945, USA, 1:500), IL-1β (Abcam 
#ab234437, 1:500), IL-6 (Abcam #ab233706, 1:500), TNF-α 
(Abcam #ab215188, USA, 1:500), c-Jun (CST #9165, USA, 1:500), 
p65(CST #8242, USA, 1:500), IRAK1 (CST #4504, USA, 1:500), β-
actin (CST #3700, USA, 1:2000). Then the membranes were incu-
bated with HRP-conjugated secondary antibodies for 1 h at room 
temperature and detected with enhanced chemiluminescence. 
The results were analyzed by using ImageJ software (National 
Institutes of Health, USA).​ The original western blot images have 
been attached in the Appendix S1.

2.15  |  Immunofluorescence

The mice were sacrificed, and their brains were fixed in 4% para-
formaldehyde at 4°C for 24 h and then embedded in paraffin. The 
brain tissues were cut into 10-μm-thick slices. The slices were 
blocked with 10% donkey serum for 1 h, incubated with anti-Iba-1 
(Abcam, #ab178847, 1:200) or anti-NeuN (CST #24307, USA, 1:200) 
antibodies overnight at 4°C. After washing with PBS solution for 
three times, sections were incubated with secondary antibodies at 
room temperature for 1 h. After being washed, the sections were 
incubated with DAPI for nuclear staining. By using ImageJ software 
(National Institutes of Health, USA), Iba-1-positive cells and NeuN-
positive cells were counted with a DAPI counterstain.

2.16  |  Statistical analysis

The sample size was calculated by using the SPSS 16.0 software 
(SPSS, Chicago, USA) to achieve an 80% power at a significance level 
of 0.05. Two-way ANOVA was employed to evaluate latency in the 
MWM test and student's t test was used to assess the differences 

between two groups. Whether the data were normally distributed is 
detected by the Shapiro-Wilk normality test. Data were expressed 
as means ±SD and analyzed by one-way ANOVA followed by Tukey's 
post hoc test. The GraphPad Prism software (version 7.0, CA, USA) 
was employed to perform the statistical analyses. In all cases, statis-
tical significance was accepted at p < 0.05.

3  |  RESULTS

3.1  |  Galectin-1 ameliorated hippocampus-
dependent cognitive dysfunction induced by surgery

To investigate the physiological role of galectin-1 on cognitive dysfunc-
tion induced by surgery, OFT was first performed to test the locomo-
tor activity on postoperative day 3 (POD 3). As shown by the results 
of OFT, no significant change was observed in duration in center 
(Figure 1A, p > 0.05), distance traveled (Figure 1B, p > 0.05), and trave-
ling speed (Figure 1C, p > 0.05) among the four groups, indicating that 
no spontaneous locomotor activity decline was caused by the surgery.

Then, on POD 3 and POD 7, the hippocampus-dependent mem-
ory was evaluated by WWM (Figure 1D). As show by the results of 
training session in WWM, no remarkable difference was observed 
in escape latency (Figure 1E, p > 0.05) and average swimming speed 
(Figure 1F, p > 0.05) among the four groups, suggesting that the mice 
in the study have learned to find the hidden platform after training 
for five consecutive days. During the probe session, the time spent 
in the target quadrant (Figure 1G, p < 0.05) and the number of plat-
form crossing (Figure 1H, p < 0.05) significantly decreased in surgery 
group on both POD 3 and POD 7, when compared to control group, 
indicating surgery had induced cognitive dysfunction. However, 
when pretreated with galectin-1, the decline in cognitive dysfunc-
tion induced by surgery (Figure 1G,H, p < 0.05) on both POD 3 and 
POD 7 was rescued, demonstrating that galectin-1 may elicit protec-
tive effect on the cognitive impairment induced by surgery.

3.2  |  Galectin-1 mitigated systemic 
inflammation and neuroinflammation induced 
by surgery

After surgery, we then collected the peripheral blood and the hip-
pocampus sample to test the acute inflammatory response. In pe-
ripheral blood, the expression levels of IL-1β, IL-6, and TNF-α increase 
significantly 6  h after surgery, while pretreated with galectin-1 re-
markably decreased the surgery-induce elevation of these inflamma-
tory proteins (Figure 2A–C, p < 0.05). In term of neuroinflammation 
in hippocampus, analogical results were observed: galectin-1 signifi-
cantly rescued the upregulated inflammatory factors (including IL-1β, 
IL-6, and TNF-α) induced by surgery in the hippocampus 6  h after 
surgery (Figure 2D–F, p < 0.05). The expression levels of inflamma-
tory cytokine in hippocampus remarkably elevated in the surgery 
group in comparison with the normal group. Nevertheless, on POD 



846  |    SHEN et al.

1, pretreatment with galectin-1 attenuated the expression levels of IL-
1β, IL-6, and TNF-α in hippocampus (Figure 2D–F, p < 0.05). On POD 
7, no significant difference was observed in the expression levels of 
inflammatory cytokine among the four groups (Figure 2D–F, p > 0.05), 
indicating that the inflammation in the aged mice might have abated as 
time goes on. All of these results suggested that galectin-1 might in-
hibit surgery-induced systemic inflammation and neuroinflammation.

3.3  |  Pretreatment with galectin-1 suppressed 
microglia activation in the hippocampus

Since microglia activation may promote neuroinflammation in the 
process of PND, we measured the microglial activation through 

immunofluorescence marked by ionized calcium-binding adaptor mol-
ecule 1 (Iba-1) on POD 7. The average number of Iba1-positive cells per 
field in CA1 region (Figure 3A,C, p < 0.05) and DG region (Figure 3B,D, 
p < 0.05) was significantly increased after surgical trauma. However, 
pretreatment with galectin-1 remarkably reversed these elevation 
(Figure 3A–D, p < 0.05), suggesting that galectin-1 may suppress the ac-
tivation of microglial and attenuate the ensuing inflammatory response.

3.4  |  Galectin-1 protects neurons from 
inflammatory cytokines induced by surgery

Since neuroinflammation exerts detrimental effect on neurons, we 
then tested the neuronal integrity among the four groups using a 

F I G U R E  1  Galectin-1 attenuated neurocognitive dysfunction induced by surgery (n = 12 in each group). Open field test was performed 
on POD 3. Duration in center (A), distance travelled (B), and travelling speed (C) in open field test. The representative swimming trace of 
the aged rats during Morris water maze testing with hidden platform (D). Escape latency (E) and average swimming speed (F) in the training 
phase of MWM with visible platform. The time spent in the target quadrant (G) and number of platform crossing (H) in the probe testing of 
MWM with hidden platform on POD 3 and POD 7. Data are presented as mean ± SD. *p < 0.05 versus the control and galectin-1 groups, 
#p < 0.05 versus the surgery group [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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NeuN antibody, which indicates the neuronal integrity. As shown by 
the results of immunofluorescence, the number of NeuN-positive 
cells in CA1 region (Figure 4A,B, p < 0.05) and DG region (Figure 4C, 
p < 0.05) remarkably decreased after exposing to surgery, while pre-
treatment with galectin-1 significantly rescued the reduction caused 
by surgery, compared with the control group in CA1 region and DG 
region. Therefore, we suggested that galectin-1 protected neurons 
from surgery-induced inflammatory cytokines in vivo.

3.5  |  Galectin-1 reduced NO release induced by 
LPS through elevating the expression of iNOS

To further explore the protective effect of galectin-1 in PND, we 
then examine the role of galectin-1 in vitro. BV2 cell treated with 
LPS (100 ng/ml) was used as a neuroinflammation model, which is a 
common approach studying PND.19,20 By employing nitrite assays, 
the effect of galectin-1 on microglial activation was determined. 
There is no significant difference among the four groups on cell vi-
ability (Figure 5A, p > 0.05). Compared with the control group, the 
production of nitric oxide (NO) significantly increased in BV2 cells 
treated with LPS (Figure 5B, p < 0.05). However, galectin-1 treat-
ment reversed this elevation induced by LPS (Figure 5B, p < 0.05). 
Inducible nitric oxide synthase (iNOS), induced in microglia by in-
flammatory mediators such as LPS and cytokines, contribute to the 
release of NO.21 Consequently, we used iNOS production to evalu-
ate whether galectin-1 affects the release of NO. As shown by the 
results, galectin-1 significantly decreased the mRNA (Figure  5C, 

p  <  0.05) and protein (Figure  5D,E, p  <  0.05) expression levels of 
iNOS, when compared with the LPS group, suggesting that galectin-
1 mitigated LPS-induced NO release through reducing the expres-
sion of iNOS.

3.6  |  Galectin-1 decreased LPS-induced 
inflammatory cytokines production

We then assessed the effect of galectin-1 on pro-inflammatory 
cytokines to explore the influence of galectin-1 on the inflamma-
tory response. The expression levels of the pro-inflammatory cy-
tokines (IL-1β, IL-6, and TNF-α) were measured in BV2 cells. When 
exposed to LPS, the mRNA production of IL-1β, IL-6, and TNF-α 
show remarkable increase, but galectin-1 administration signifi-
cantly reduced the elevated mRNA levels of IL-1β, IL-6, and TNF-α 
(Figure 6A–C, p < 0.05). Moreover, we tested the protein expres-
sion of IL-1β, IL-6, and TNF-α 24 h after LPS treatment. When ad-
ministered with LPS, the protein levels of IL-1β, IL-6, and TNF-α 
remarkably elevated among the four groups, but galectin-1 treat-
ment reduced the LPS-induced increased protein level of IL-1β, IL-
6, and TNF-α (Figure  6D–G, p  <  0.05). In addition, the secreted 
protein levels of IL-1β and TNF-α were assayed 24 h after adminis-
tration with LPS by ELISA assay, and the results are in accord with 
the results presented above. After LPS administration, the ex-
pression levels of secreted IL-1β and TNF-α remarkably increased, 
while galectin-1 significantly decreased the elevation induced by 
LPS (Figure 6H,I, p < 0.05).

F I G U R E  2  The effects of galectin-1 on systemic inflammation and neuroinflammation induced by surgery (n = 6 in each group). The 
protein expression levels of IL-1β (A), IL-6 (B), and TNF-α (C) in the peripheral blood harvested 6 h after surgery. The protein expression levels 
of IL-1β (D), IL-6 (E), and TNF-α (F) at different time points in the hippocampus. Data are presented as the mean ±SD. *p < 0.05 versus the 
control and galectin-1 groups, #p < 0.05 versus the surgery group [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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3.7  |  Galectin-1 attenuated the transcriptional 
activity and translocation of c-Jun and NF-κB p65

The proteins of the MAPK and NF-κB pathways are the main mod-
ulator in pro-inflammatory cytokine production and secretion.22,23 
According to the results of NO release and cytokine production, 
whether galectin-1 affects cytokine production controlled by 
MAPK-dependent AP-1 transcription factors and NF-κB p65 was 
explored. The nuclei of BV2 cells were separated from the cyto-
plasm after exposing to LPS for 30  min. Stimulated by LPS, the 
translocation of c-Jun and NF-κB p65 from the cytoplasm to the 

nucleus showed remarkable increase in comparison with the con-
trol group (Figure  7A–F, p  <  0.05). However, pretreatment with 
galectin-1 rescued the elevation induced by LPS (Figure  7A–F, 
p < 0.05). Furthermore, we then tested the transcriptional activity 
of c-Jun and NF-κB p65 in BV2 cells. Pretreatment with galectin-
1 significantly attenuated the increased transcriptional activity of 
c-Jun (Figure  7G, p  <  0.05) and NF-κB p65 (Figure  7H, p  <  0.05) 
following LPS stimulation. Our finding suggest that galectin-1 de-
creases the release of NO and inflammatory cytokine by attenu-
ating the transcriptional activity and translocation of c-Jun and 
NF-κB p65.

F I G U R E  3  Galectin-1 mitigated surgery-induced microglial activation (n = 6 in each group). Representative images of Iba-1 positive cells 
in CA1 (A) and DG regions (B). Red staining indicated activated microglia. Scale bars = 200 μm. Quantification of Iba1-positive cells in CA1 
region (C) and DG region (D). Data are presented as the mean ± SD. *p < 0.05 versus the control and galectin-1 groups, #p < 0.05 versus the 
surgery group [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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3.8  |  Overexpressing IRAK1 rescued the protective 
effect on the production of inflammatory factors 
exerted by galectin-1

We then explored the mechanism by which galectin-1 attenuated 
the transcriptional activity and translocation of c-Jun and NF-κB 
p65. As shown by our results, the protein expression level of IRAK1 
showed significant reduction in BV2 cells when treated with ga-
lectin-1 (Figure  8A,B, p  <  0.05). Moreover, the mRNA expression 
of IRAK1 in BV2 cells (Figure 8C, p  < 0.05) and primary microglia 
(Figure 8D, p < 0.05) also showed significant reduction when pre-
treated with galectin-1.

Next, pcDNA-3.1-IRAK1 (Figure 8E) were transfected in BV cells 
for 24  h to further determine whether galectin-1 decreased cyto-
kine production through IRAK1. We separated the nuclei from the 
cytoplasm after the BV2 cells were treated with LPS for 30 min. As 
indicated by our results, the translocation of c-Jun and NF-κB p65 
from the cytoplasm to the nucleus significantly suppressed when 

pretreated with galectin-1, while this kind of protective effect was 
rescued when transfected with pcDNA-3.1-IRAK1 (Figure  8F–K, 
p  <  0.05). Then we detected whether overexpressing IRAK1 could 
rescue the galectin-1-mediated ameliorating effect on inflammatory 
factors production. After the BV2 cells were transfected with pcDNA-
3.1-IRAK1 for 24 h followed by stimulation with LPS for 30 min, the 
supernatants were collected and analyzed by ELISA. The galectin-1 
induced decreased pro-inflammatory cytokines of IL-1β (Figure  8L, 
p < 0.05) and TNF-α (Figure 8M, p < 0.05) was rescued when overex-
pressing IRAK1. These results indicated that galectin-1 might attenu-
ate the inflammatory response via inhibiting IRAK1 expression.

4  |  DISCUSSION

Emerging emphasis has been put on the role of neuroinflammation 
in the progression of PND.24,25 Characterized by producing inflam-
matory mediators that facilitate the development and severity of 

F I G U R E  4  Galectin-1 protects neurons from inflammatory cytokines induced by surgery (n = 6 in each group). Representative 
immunofluorescence images of NeuN-positive cells in CA1 region (A). Scale bars =200 μm. Quantification of NeuN-positive cells in CA1 
region (B) and DG region (C). Data are presented as the mean ± SD. *p < 0.05 versus the control and galectin-1 groups, #p < 0.05 versus the 
surgery group [Colour figure can be viewed at wileyonlinelibrary.com]
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PND, microglia play a crucial role in the progression of PND.26,27 
In a mouse model of PND, we investigate the correlation between 
galectin-1 treatment and neurocognitive dysfunction. Our findings 
suggest that treatment with galectin-1 attenuates the surgery-
induced neuroinflammation and hippocampus-dependent cognitive 
dysfunction. By suppressing the activation of microglial effectively, 
galectin-1 decreased the translocation of c-Jun and NF-κB p65, in-
hibited the inflammatory response, and thus ameliorating the ensu-
ing neurocognitive dysfunction. This protective effect of galectin-1 
seemed to depend on inhibiting IRAK1 expression.

PND induced by surgery are relatively common, which occurs in 
10%-54% of patients underwent surgery in the first few weeks.28 
However, the postoperative neurocognitive complications may 
cause chronic cognitive dysfunction and higher risk of mortality, 
which not only happen in the acute phase after surgery.29 The oc-
currence of PND is affected by various factors, including education 
level, age, gender, etc. Advanced age is an independent risk factor 
among these factors suggested by clinical studies.30 When exposed 
to systemic stress source such as surgery, many organ systems 
gradually deteriorate in the process of aging, including the brain.31 
Consequently, in the present study, we chose aged mice to imitate 
the clinical condition of PND.

Exploratory laparotomy under the anesthesia of isoflurane is 
a common approach to induce PND in aged mice,32,33 which sim-
ulates clinical status closely. Therefore, this approach was chosen 
to establish the animal model of PND. The surgical trauma caused 
remarkable neurocognitive dysfunction as indicated by our results 
of OFT and MWM test. It has been reported that isoflurane alone 
may induce cognitive dysfunction.34,35 The underlying neurotoxicity 
of isoflurane include elevating ROS production, inducing neuroin-
flammation,36 and disrupting calcium homeostasis.37

Microglia is one of the critical facilitators in inducing neuroinflam-
mation, a hallmark of PND. Peripheral inflammation induced by the 
surgical trauma may activate the microglia staying at a resting condi-
tion, contributing to the production of inflammatory cytokines into 
the CNS and thus leading to neuroinflammation. It has been reported 
that suppressing the microglia activation inhibited the expression of 
pro-inflammatory cytokines, such as TNF-α and IL-1β, thereby mit-
igating neuroinflammation and neurocognitive impairment.38 In our 
study, galectin-1 inhibited the neuroinflammation in hippocampus, 
and administered with galectin-1 not only decreased the peripheral 
inflammatory cytokines and the protein expression of inflammatory 
cytokines, but also suppressed microglia activation and disruption of 
neuronal integrity after surgery in the hippocampus.

F I G U R E  5  Galectin-1 reduced NO release induced by LPS through elevating the expression of iNOS in BV2 cells (n = 3 in each group). 
Cell viability 6 h after different treatment detected by CCK8 assay (A). NO production in four groups detected by Griess assay (B). Relative 
iNOS mRNA level of BV2 cells 6 h after different treatment detected by qRT-PCR (C). The representative western blot images (D) and 
quantification analysis (E) of iNOS expression of BV2 cells in four groups. Data are presented as the mean ± SD. *p < 0.05 versus the control 
and galectin-1 groups, #p < 0.05 versus the LPS group [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com


    |  851SHEN et al.

It has been verified that the ameliorating role of galectin-1 in 
autoimmune inflammation and the inactivation of M1 microglia un-
derlay this kind of neuroprotection, suggesting that the interaction 
between galectin-1-glycan may retard the neurodegeneration.13 
In the present study, galectin-1 attenuated the expression of pro-
inflammatory cytokine induced by LPS in BV2 cells. The expression 
of IL-1β, IL-6, TNF-α, and iNOS is harmfully correlated with the de-
velopment of neurodegenerative diseases.39,40 Suggested by previ-
ous studies, using small molecule inhibitors to modulate TNF-α has 
the potential for preventing and treating Alzheimer's disease,41 and 
the increased expression level of iNOS in activated microglia con-
tributes to neurodegeneration.42 These findings revel that galectin-1 

might exert protective effects on neuroinflammation in neurocogni-
tive disorders.

Suggested by mounting evidence, IRAKs are important media-
tors in metabolic and inflammatory diseases.43,44 IRAK1 deficiency 
inhibits early pro-inflammatory cytokine production following poly-
microbial sepsis and affects multiple TLR-dependent pathways,45 
demonstrating that inhibiting IRAK1 expression may be therapeutic. 
IRAK1 plays a key role in signal cascade caused by ligand binding to 
TLRs and IL-1R.46,47 In the present study, we showed that galectin-1 
decreased the protein expression of IRAK1, augmenting the NF-κB 
activity, and the expression level of its target genes, including TNFα 
and IL-1β.48,49

F I G U R E  6  Galectin-1 decreased LPS-induced inflammatory cytokines production (n = 3 in each group). BV2 cells were treated with LPS 
(100 ng/ml) for 4 h. The relative mRNA level of IL-1β (A), IL-6 (B), and TNF-α (C) tested by qRT-PCR. The representative immunoblot images 
(D) and quantitative analysis of IL-1β (E), IL-6 (F), and TNF-α (G) expression in BV2 cells. The relative secreted protein expression of cytokines 
IL-1β (H) and TNF-α (I) in the supernatant tested by ELISA assay. Data are presented as the mean ± SD. *p < 0.05 versus the control and 
galectin-1 groups, #p < 0.05 versus the LPS group [Colour figure can be viewed at wileyonlinelibrary.com]
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Since IL-1β and TNF-α get involved in neuronal survival, their 
production induced by surgical trauma might lead to neuronal death 
or morphological abnormalities in the hippocampus, and disrupt 
cognitive function in aged mice. Thus, the effect of galectin-1 ex-
erting on the hippocampal neurons following neuroinflammation 
caused by surgery was explored. As suggested by the results in the 
study, the number of NeuN-positive cells significantly reduced after 
surgery.50 Galectin-1 administration significantly alleviated the dis-
ruption of neuronal integrity induced by surgical trauma. This result 
may account for the phenomenon that galectin-1 improved mem-
ory deficits after surgery. Furthermore, the therapeutic potential 
of retarding the translocation of c-Jun and NF-κB p65 from cyto-
plasm to nucleus is emphasized in our study, which attenuated the 
inflammatory response. Collectively, inflammatory mediators, which 
derived from the activation of AP-1 and NF-κB, might mediate in 

neuronal integrity and neurocognitive dysfunction. The crucial role 
of the galectin-1 in surgery-induced PND demonstrates that treat-
ment blocking the microglia activity, neuronal integrity, and surgery-
mediated inflammatory cytokines could retard the progression of 
neurocognitive dysfunction.

There are several limitations in our study. First, sexual dimor-
phism for microglial responses has been reported,51 and the present 
study was done using male mice only. Additionally, Iba-1 expression 
is found in both brain microglia and blood-derived brain infiltrating 
macrophages.52 Therefore, the effect of galectin-1 exerted on mac-
rophages cannot be ruled out. Finally, although MWM is a robust 
and reliable test to evaluate hippocampal-dependent memory, some 
more behavioral experiments, such as Barnes maze and contextual 
fear conditioning, are needed to better elucidate the effect of galec-
tin-1 on cognitive function.

F I G U R E  7  Galectin-1 attenuated the transcriptional activity and translocation of c-Jun and translocation (n = 3 in each group). 
Representative immunoblot images of c-Jun and p65 expression in cytoplasm of BV2 cells (A). The quantitative analysis of c-Jun (B) and p65 
(C) in cytoplasm of BV2 cells. Representative immunoblot images of c-Jun and p65 expression in nucleus of BV2 cells (D). The quantitative 
analysis of c-Jun (E) and p65 (F) in nucleus of BV2 cells. BV2 cells were co-transfected with Renilla luciferase plasmid (pRL-SV40-C) and AP-1 
luciferase reporter plasmid or NF-κB luciferase reporter plasmid for 48 h, and NF-κB (G) and c-Jun (H) reporter activities were analyzed 
following LPS stimulation. Data are presented as the mean ±SD. *p < 0.05 versus the control and galectin-1 groups, #p < 0.05 versus the LPS 
group [Colour figure can be viewed at wileyonlinelibrary.com]
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5  |  CONCLUSIONS

In summary, galectin-1 administration attenuated surgery-induced 
neuroinflammation and cognitive dysfunction by decreasing IRAK1 
expression. Conversely, overexpressing IRAK1 contributed to in-
creased transcriptional activity and translocation of c-Jun and NF-κB 
p65 in microglia BV2 cells. To sum up, our findings demonstrate that 
galectin-1 alleviates inflammatory response and exerts an ameliorat-
ing effect in surgery-induced neurocognitive disorders, which might 
be a potential therapeutic for decelerating the progression of PND.
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