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Abstract

Neuroinflammation plays important roles in the pathogenesis and development of 

neurodegenerative disorders. Lipopolysaccharide (LPS) induces neuroinflammation and causes 

neurotoxicity, which results in cell damage or memory impairment in different cells and animals. 

In the present study, we investigated the neuroprotective effects of MG53, a member of the TRIM 

family proteins, against LPS-induced neuroinflammation and neurotoxicity in vitro and in vivo. 

MG53 significantly protected HT22 cells against LPS-induced cell apoptosis and cell cycle arrest 

by inhibiting TNF-α, IL-6 and IL-1β expression. In addition, MG53 ameliorated LPS-induced 

memory impairment and neuronal cell death in mice. Interestingly, MG53 significantly promoted 

newborn cell survival, improved neurogenesis, and mitigated neuroinflammation evidenced by 

lower production of IL-1β and IL-6, less activation of microglia in the hippocampus of LPS 

treated mice. Further studies demonstrated that MG53 significantly inhibited TLR4 expression and 

nuclear factor-κB (NF-κB) phosphorylation in LPS treated HT22 cells and mice. Taken together, 
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our results suggested that MG53 attenuated LPS-induced neurotoxicity and neuroinflammation 

partly by inhibitingTLR4/NF-κB pathway in vitro and in vivo.
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1. Introduction

Neuroinflammation plays an important role in the pathogenesis and progression of some 

neurodegenerative diseases such as Alzheimer’s disease (AD) (Sawikr et al., 2017). AD is 

characterized by obvious cognitive impairment and neuroinflammation, including activation 

of glial cells and increased production of pro-inflammatory cytokines (Lane et al., 2018). 

Meanwhile, neuroinflammation is regarded as a key factor in the secondary injury cascade 

and contributes to neuronal death and neurological deterioration (Russo and McGavern, 

2016). Hence, it is necessary to find novel anti-inflammatory agents to prevent the 

progression of AD through modulation of neuroinflammation.

Neurotoxicity could induce neuronal death and dysfunction of the neural network in neural 

cells (Mouton et al., 2012). Lipopolysaccharides (LPS), a component of gram-negative 

bacteria, is widely used to activate inflammation (Lee and Jeong, 2014; Musa et al., 2017; 

Prince et al., 2017). Previous studies have shown that LPS could result in cell death in vitro 
and administration of LPS could cause cognitive disorders in vivo by inducing neurotoxicity 

(Wu et al., 2019). In addition, LPS is a potent ligand of toll-like receptor 4 (TLR4), which 

stimulates the activation of nuclear factor kappa B (NF-κB) and the associated expression of 

proinflammatory mediators, such as tumor necrosis factor α (TNF-α) and interleukin-6 

(IL-6) (Du et al., 2017; Gao et al., 2017a; Nyati et al., 2017). Numerous studies have shown 

that TLR4/NF-κB signaling pathway plays a key role in the pathogenesis of 

neuroinflammation (Du et al., 2017; Nyati et al., 2017; Yuan et al., 2013; Ha et al., 2014; 

Shirjang et al., 2017).

MG53, a member of the tripartite motif (TRIM) family protein, is also an essential 

component of the cell membrane repair machinery (Cai et al., 2009a; Weisleder et al., 2012). 

MG53 is predominantly expressed in skeletal and cardiac muscles, lung and kidney 

(Weisleder et al., 2012; Jia et al., 2014; Duann et al., 2015). The recombinant human MG53 

(rhMG53) protein can protect various cell types against membrane disruption, such as 

cardiac muscles, epithelial, neuronal, and immune origin cells (Weisleder et al., 2012). In 

addition, exogenous rhMG53 has protective effects in treatment or prevention of muscular 

dystrophy(Weisleder et al., 2012), lung injury(Jia et al., 2014), and acute kidney 

injury(Duann et al., 2015) in many animal models. Furthermore, there is no MG53 

expression in the mouse brain and neuronal cells(Yao et al., 2016). But, rhMG53 could 

prevent cultured neuronal cells from injuries in vitro, and MG53 could permeate through 

blood-brain barrier to protect acute brain injury in vivo (Yao et al., 2016). However, the 

protective effects of MG53 on LPS-induced neurotoxicity in neuronal cells and animal 

models remain unknown.
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In the present study, we investigated whether MG53 could protect HT22 cells and C57BL/6 

mice against LPS-induced neurotoxicity, and then further explored the anti-inflammatory 

roles of TLR4/NF-κB pathway mediated by MG53. Our results may provide new insights 

into the neuroprotective effect of MG53 and the potential novel anti-inflammatory strategy 

induced by LPS.

2. Materials and methods

2.1. Materials

LPS, purified from Escherichia coli O111:B4, was purchased from Sigma-Aldrich (St.Louis, 

MO, U.S.A.) and was dissolved in 1% ethanol to experiments. Purification of recombinant 

human MG53 protein has been described previously (Yao et al., 2016). MG53 was 

lyophilized and stored at 4 °C. For intravenous injection of rhMG53, the protein was diluted 

in 0.9% sterile saline, filtered through a 0.22-µm filter, and injected via the tail vein.

2.2. Culture of HT22 and cell viability analysis

HT22 cell is a mouse hippocampal neuronal cell line. In our study, HT22 cells were 

purchased from Guangzhou Jennio Biotech Co., Ltd. LPS (E. coli, serotype 055: B5). HT22 

cells were maintained in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) 

containing 10% fetal bovine serum and 1% penicillin/streptomycin, and then cultured in a 

humidified 5% CO2 incubator at 37 °C.

Briefly, HT22 cells were seeded in a 96-well plate at a density of 5 × 103 cells/well, then 

treated with different concentrations (25, 50, 100, 250, 500, 1000, 1500 µg/ml) of LPS at 

different intervals of 12, 24, 36, 48, and 60 hs. The cell viability was evaluated by using 

CCK-8 assay (Wang et al., 2016). Cell viability was confirmed by measuring the absorbance 

at 450 nm using a microplate reader (Thermo, USA). Then, HT22 cells in these experiments 

were divided into 4 groups: NC group (without LPS), MG53 group (treatment with 30 µg/ml 

MG53), LPS group (treatment with 500 µg/ml LPS), and MG53 + LPS group (pretreatment 

with 30 µg/ml MG53 for 8 h before 500 µg/ml LPS stimulation).

2.3. Flow cytometry analysis

HT22 cells were incubated with or without 30 µg/ml MG53 for 8 h and then 500 µg/ml LPS 

stimulation for 48 h. The procedures of cell cycle and cell apoptosis analysis were 

performed according to the manufacturer’s instructions (BD Biosciences, USA) as 

previously described (Wang et al., 2016).

2.4. Determination of SOD and MDA in vitro

The activity of SOD and the concentration of MDA in HT22 cells of each group were 

determined using the commercial kit as previously reported (Xu et al., 2019). The 

procedures were following the users’ manual.

2.5. Animal experiments

A total of 72 male C57BL/6 mice (8–12 w, 22–25 g) were obtained from Beijing Vital River 

Laboratory Animal Technology Co., Ltd. (China). All the experimental procedures were 
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accordance with the National Institutes of Health guidelines for the Care and Use of 

Laboratory Animals and approved by Animal Ethics Committee of Zhengzhou University.

The mice were randomly divided into 3 groups: Control (Con) group, LPS group, MG53 + 

LPS group. For the control group, mice were injected with the same volume of 0.9% saline. 

For the LPS group, LPS (0.25 mg/kg) was intraperitoneally injected once a day for 1 week 

to induce memory impairment and neuroinflammation. For the MG53 + LPS group, MG53 

protein (2 mg/kg, once a day for 2 weeks) was intravenously administrated through tail vein 

one week prior to LPS injection. The timeline for animal experiments were showed in Fig. 

4A. The following behavioral tests were performed by double-blind trials to the 

experiments.

2.6. Morris water maze (MWM)

The MWM test was used to analyze the learning and memory function of mice based on 

previously described (Wang et al., 2018). Each mouse underwent four trials a day for 6 days 

from day 15 to day 21. Probe trials and navigation tests were performed on day 21. The 

latency to find the hidden platform (escape time), number of crosses over the platform 

location, the time spent in the target quadrant (T%) and the speed were recorded by a video 

tracking system (Chengdu Taimeng Tech. Co. LTD, China).

2.7. Novel object recognition (NOR) test

On day 21, NOR test was also used to assess the learning and memory ability as previously 

described (Cheng et al., 2016). A discrimination index (total time spent with new object/total 

time devoted to exploration of objects) was calculated for each mouse.

2.8. Open field test (OFT)

The open-field test (OFT) was used to detect the locomotor activity and spatial exploration 

ability of mice as previously described (Heredia et al., 2014). The total ambulatory distance 

traveled in the maze and the number of rearings were calculated within 3 min.

2.9. Tissue preparation

Mice were anesthetized and perfused intracardially with ice-cold 0.9% saline. Then, the 

mice were sacrificed and the brain tissues were collected. The brain tissues were incubated 

in ice-cold 4% paraformaldehyde (PFA) at 4 °C overnight, then transferred into 30% sucrose 

solution and incubated for 72 h. Afterwards, the brain tissues were cut on a cryostat (Leica, 

Germany) to obtain 10 µm frozen serial coronal sections and the sections were stored at 

−80 °C until further processing.

2.10. EdU/NeuN-labeling assays

Mice were given 5 mg/kg EdU by intraperitoneal Injections 48 h before sacrifice. Brains 

were fixed in 4% PFA and embedded. Proliferation was evaluated by Cell-LightTM Edu 

Apollo Kit (RiboBio Co., Ltd., China) according to the manufacturer’s protocol. After 

Apollo staining, washed sections were incubated with a rat antibody against NeuN (1:200, 

Proteintech, China) at 4 °C overnight and incubated with FITC conjugated goat anti-rabbit 

IgG (1:500, Proteintech, China) for 1 h at room temperature, followed by DAPI (1:2000, 
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Biotech, China) staining for 10 min. Then, stained sections were examined with a 

microscope (Eclipse TE2000-E; Nikon). The average number of EdU/NeuN-positive cells 

was analyzed by Image J software (NIH, Bethesda, MD, USA) and divided by the total area 

in the image field (mm2).

2.11. TUNEL staining

TUNEL staining was performed to assess the cell apoptosis in the brain by using In Situ Cell 

Death Detection Kit (Solarbio, China) according to manufacturer’s protocol. Before antigen 

retrieval, frozen coronal brain sections were incubated with proteinase K for 10 min and 

washed three times with PBS. Then, sections were incubated with TdT enzyme containing 

FITC-labeled dUTP at 37 °C for 60 min. After washing with PBS, sections were stained 

with DAPI for 10 min, and TUNEL-positive cells were observed and counted under a 

fluorescence microscope (Eclipse TE2000-E; Nikon, Japan).

2.12. Nissl staining

After behavioral test, Nissl staining was used to evaluate the effect of MG53 on LPS-

induced neuronal degeneration. The experiment of Nissl staining was performed as 

previously described (Cui et al., 2017).

2.13. Immunofluorescence staining

Immunofluorescence staining was used to detect the neurogenesis and neuroinflammation 

based on the previous description (Yuan et al., 2013; Wang et al., 2018). Briefly, after 

blocked, coronal sections were incubated with primary antibody of NeuN (1:200, 

Proteintech, China) and Iba-1 (1:200, Proteintech, China) at 4 °C overnight and then 

incubated with FITC -conjugated anti-mouse/rabbit IgG (1:500, Proteintech, China) for 1 h 

at room temperature, followed by DAPI (1:2000, Biotech, China) staining for 10 min. 

Stained sections were examined with a microscope (Eclipse TE2000-E; Nikon). The 

quantification of EdU, NeuN or Iba-1 positive cells was analyzed by Image J software (NIH, 

Bethesda, MD, USA) and divided by the total area in the image field (mm2).

2.14. Western blot

The total proteins were extracted from HT22 cells and mice brain tissues in different groups. 

Equal amounts of protein were loaded and separated by SOS-PAGE and transferred to 

PVDF membrane (Millipore, USA) as previously described (Ma et al., 2014). The 

membrane was blocked in 5% skim milk and incubated with diluted primary antibodies: 

Cyclin Dl (1:500, Proteintech Group, Wuhan,China), Bcl-2 (1:200, Cell Signaling 

Technology, Danvers, MA, USA), Bax (1:200), TLR4 (1:500, CST), NF-κB (1:1000, CST), 

p-NF-κB (1:1000, CST), Iκβα (1:1000, CST), p –Iκβα (1: 1000, CST), IL-1β (1:500, 

Santa Cmz Biotechnology, Dallas, USA), IL-6 (1:500, Santa Cruz), TNF-α(1:500, Santa 

Cruz), β-actin (1:2000, Santa Cruz). The intensity of the resulting protein bands was 

quantified with Image J software (NIH, Bethesda, MD, USA).
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2.15. Enzyme-linked Immunosorbent assay (ELISA)

Upon anesthesia, the peripheral blood of anesthetized mice was harvested and the serum was 

stored at −80 °C until processing. The release of IL-1β and IL-6 protein was measured using 

ELISA kits (Tsz Biosciences, Boston, MA, USA) according to the manufacturer’s 

instructions.

2.16. Statistical analysis

All statistical procedures were carried out using SPSS 19.0 software for Windows (SPSS 

Inc., Chicago, IL, USA). The data of in vitro experimental was analyzed using two-way 

analysis of variance (ANOVA). All other data were analyzed by one-way ANOVA was used 

to examine significance between different groups in vivo. All results are expressed as mean 

± SEM. Post hoc analysis were performed using Tukey–Kramer test in order to compare 

multiple groups. p < .05 was considered statistically significant.

3. Results

3.1. MG53 inhibites LPS-induced neurotoxicity in HT22 cells

CCK-8 assay was used to determine cell proliferation of HT22 cells. Low concentrations 

(25, 50, 100 µg/ml) of LPS promoted cell proliferation, while LPS with high concentration 

(250 and 500 µg/ml) inhibiting cell growth in a time and dose-dependent manner (p < .05, 

Fig. 1A, B). In the presence of 1000 µg/ml LPS, most cells died at the first day after LPS 

treated (p < .05, Fig. 1B). It is worth noticing that 500 µg/ml LPS treatment for 48 h, the 

inhibition rate of cell proliferation was close to 50%. Therefore, 500 µg/ml LPS treated for 

48 h was used in the following experiments. In addition, to assess the protective effect of 

MG53, the cultured cells were pretreated with 30 µg/ml MG53 for 8 h, and then exposed to 

500 µg/ml LPS. Results showed that LPSinduced cell growth inhibition was significantly 

rescued by MG53, with the cell viability rate rise from 56.40 ± 4.0% to 78.49 ± 6.6% (p < .

05, Fig. 1C).

3.2. MG53 reverses LPS-induced cell cycle arrest and cell apoptosis in HT22 cells

The effects of MG53 or/and LPS on the cell cycle were evaluated by using flow cytometry. 

As shown in Fig. 2A and B, there was a significant arrest in the percentage in G0/G1 phase 

and a concomitant decrease in S phase after LPS treatment (p < .05, Fig. 2A, B). Besides, 

the expression of cell cycle related protein Cyclin Dl was downregulated after LPS treatment 

(p < .05, Fig. 2E, F). However, MG53 effectively protected HT22 cells against LPS induced 

cell cycle arrest and increased the expression of Cyclin D1 (p < .05, Fig. 2). Furthermore, 

Annexin V/PI staining and western blot were used to analyze the apoptosis of HT22 cells. 

As shown in Fig. 2 C and D, LPS significantly induced apoptosis in HT22 cells compared 

with the NC group (66.06 ± 4.91% vs. 4.33 ± 1.71%, p < .05). In the presence of MG53 (30 

µg/ml), the number of early apoptotic cells in HT22 was significantly decreased (32.00 

± 3.26% vs. 66.06 ± 4. 91%, p < .05). In addition, LPS markedly suppressed the protein 

expression of Bcl2 and promoted Bax expression (Fig. 2E, F, p < .05). But, the expression of 

Bcl2 was reversed by MG53 (Fig. 2 E, F, p < .05). These data indicated that MG53 could 

attenuate LPS-induced cell cycle arrest and cell apoptosis in HT22
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3.3. MG53 suppresses pro-inflammatory factor expression and TLR4/NFκB signal 
activation in LPS treated HT22 cells

To determine whether MG53 is a regulator of LPS-triggered neuroinflammation, the 

expression of pro-inflammatory markers was evaluated by western blot. Compared with the 

NC group, LPS significantly increased the expressions of IL-1β, TNF-α and IL-6 (p < .05). 

However, these increases were significantly abrogated by MG53 (p < .05, Fig. 3A and B). 

Furthermore, western blot was also used to examine the protein expressions of TLR4/NF-κB 

signal pathway to explore the anti-inflammatory mechanism of MG53. As shown in Fig. 3C 

and D, the protein expression of TLR4, phosphorylated NF-κB (p-NF-κB) and 

phosphorylated IκBα (p-IκBα) were increased by LPS (p < .05). However, MG53 inhibited 

the LPS-induced TLR4, p-NF-κB and p-IκBα expression (p < .05). In addition, the total 

expression of NF-κB was not affected (p < .05). Total IkBα expression was significantly 

decreased after LPS treatment, but was rescued by MG53 (p < .05). These findings indicated 

that MG53 suppressed LPS-induced neuroinflammation by inhibiting TLR4/NF-κB 

signaling mediated pro-inflammatory factor expression in HT22 cells.

3.4. MG53 ameliorates LPS-induced memory impairment in C57BL/6 mice

To investigate the neuroprotective effects of MG53 on the LPS-induced memory impairment 

in vivo, MWM test was performed to evaluate the cognitive function of LPS treated mice. 

The experimental outline was summarized in Fig. 4A. Compared with the Con group, the 

LPS-treated C57BL/6 mice showed significant cognition deficit in the MWM test (p < .05, 

Fig. 4B). However, pretreatment with MG53 in LPS-induced mice showed shorter escape 

latency, higher proportion of time spent in the target quadrant and more platform crossing 

numbers compared with the LPS group (p < .05, Fig. 4B–E). However, there were no 

significant differences in the swimming velocity between different groups (Fig. 4F, p > .05). 

In addition, in the MG53 + LPS group, MG53 significantly increased the discrimination 

index in the novel object recognition (NOR) test, and promoted total number of rearings and 

total ambulatory distance in the open field test (OFT) compared with those in LPS group (p 
< .05, Fig. 4G–I). These results suggested that MG53 ameliorated LPS-induced memory and 

cognitive impairment in mice.

3.5. MG53 prevents LPS-induced neuronal apoptosis in the hippocampus of LPS-treated 
mice

The cell death in the brain was measured by TUNEL staining. As shown in Fig. 5, LPS 

significantly increased the number of TUNEL-positive cells compared with the Con group 

(p < .05). However, MG53 significantly decreased LPS-induced TUNEL-positive cells (p < .

05, Fig. 5A, B), which was further confirmed by the up-regulated expression of Bcl-2 and 

down-regulated Bax expression in the hippocampus (p < .05, Fig. 5C, D). These results 

indicated that MG53 inhibited LPSinduced neuronal apoptosis in the hippocampus of LPS 

treated mice.
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3.6. MG53 promotes neuronal survival and neurogenesis in hippocampus of LPS treated 
mice

Nissl staining was used to observe the surviving neurons in hippocampus. Compared with 

the clear and intact neurons in the Con group, LPS significantly deceased the number of 

Nissl bodies and the neurons exhibited sparse cell arrangement (p < .05, Fig. 6A, B). 

However, the number of neurons was significantly increased and the cell layer was densely 

arranged in hippocampus of MG53 + LPS treated mice (p < .05, Fig. 6A, B). In addition, 

EdU and NeuN double-staining was used to observe hippocampal neurogenesis. Results 

showed that the number of EdU+ /NeuN + cells in the hippocampus of MG53 and LPS co-

treated mice was significantly increased compared with that in the LPS group (p < .05, Fig. 

6C, D). These results suggested that MG53 pre-administration promoted neuronal survival 

and neurogenesis in hippocampus of LPS treated mice.

3.7. MG53 attenuates LPS-induced pro-inflammatory cytokine secretion by inhibiting 
TLR4/NF-κB signaling in the hippocampus of LPS treated mice

In order to examine the effect of MG53 on LPS induced neuroinflammation in vivo, Iba-1 

staining was used to detect the activation of microglia. As shown in Fig. 7A and B, there was 

more Iba-1 positive cells (activated microglia) in the hippocampus of the LPS-treated mice 

(p < .05), whereas MG53 pre-treatment significantly decreased Iba-1 positive cells (p < .05). 

In addition, ELISA was used to examine the release of IL-1β and IL-6. The administration 

of LPS significantly promoted the release of IL-1β and IL-6 (p < .05). However, MG53 

significantly reduced the levels of IL-1β and IL-6 (p < .05) induced by LPS (Fig. 7C, D). 

Furthermore, western blot was used to examine the expression of TLR4/NF-κB signaling 

pathway. Consistent with our in vitro studies, our finding showed that the protein expression 

of TLR4, p-IKBα and p-NF-κB was significantly increased in the hippocampus of LPS‐

treated mice, whereas MG53 significantly inhibited TLR4, p- IκBα and p-NF-κB 

expression compared with those in the LPS treated group (p < .05, Fig. 8E, F). These data 

indicated that MG53 attenuated LPSinduced neuroinflammation in vivo, and the mechanism 

was partly involved in the inhibition of TLR4/NF-κB signaling pathway.

4. Discussion

The integrity of plasma membrane plays an important role in maintaining the cellular 

homeostasis, and the defect of plasma membrane results in cell death and numerous disease, 

including neurodegeneration (Bansal and Campbell, 2004; McElhanon and Bhattacharya, 

2018). Protective effects of MG53 on cell membrane repair and tissue damage have been 

reported in recent studies (Weisleder et al., 2012; Jia et al., 2014; Duann et al., 2015). In 

muscle membrane repair, MG53 binds to phosphatidylserine (PS) and interacts with 

caveolin-3 (Cav-3) to mediate vesicle accumulation at injury sites upon cell membrane 

damage (Cai et al., 2009a; Cai et al., 2009b; Weisleder et al., 2009) involved in patching the 

membrane. In tissue repair, MG53 interacts with p85 subunit of PI3K as well as CaV3 and 

subsequent activates the pro-survival RISK pathway (including Pl3K/Akt/GSK3β cascade 

and ERKl/2 pathway) to protect ischemic brain injury and myocardial damage (Yao et al., 

2016; Cao et al., 2010; Zhang et al., 2011). LPS induces neuroinflammation through 

activation of pro-inflammatory mediators and neurodegeneration (Prince et al., 2017; Wu et 
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al., 2019; Cheng et al., 2018; Khan et al., 2018a). But, whether MG53 exerts beneficial 

effects against LPS-mediated neuroinflammation and neurotoxicity remains unknown. In 

this study, we found that MG53 attenuated LPS-induced neuroinflammation and 

neurotoxicity via inhibiting TLR4/NF-κB pathway in vitro and in vivo (Fig. 8).

HT22 cells is a kind of mouse hippocampal neuronal cells, which are widely used as an in 
vitro neuronal model related with cognitive deficits and neurotoxicity. Many studies have 

demonstrated the neuroprotective effects of different phytochemicals on cognitive deficits 

and neurotoxicity via using HT-22 cells (Sun et al., 2015; Koh et al., 2017). In the present 

study, we used HT22 cells as a neuronal cell model to examine the protective effects of 

MG53 protein on LPS activated neurotoxicity. Previous studies have shown that LPS 

induced neurotoxicity leads to neuronal cell apoptosis and pro-apoptotic protein Bax and 

anti-apoptotic protein Bcl-2 are involved in regulating apoptosis (Musa et al., 2017). We 

found that LPS inhibited the viability of HT22 in a dose and time-dependent manner, 

accompanied by cell cycle arrest and cell apoptosis. However, pretreatment with MG53 

significantly protected HT22 cells against LPS-induced cell growth inhibition by inhibiting 

apoptosis. These results were coincident with previous studies, which identified that MG53 

improved the ability of membrane repair in muscle or non-muscle cells (Weisleder et al., 

2012).

Previous studies have shown that systemic administration of LPS triggers neurotoxicity and 

neuroinflammation in the brain, which induce cognitive deficits and neurodegeneration in 

mice (Musa et al., 2017; Wu et al., 2019; Khan et al., 2018a; Muccigrosso et al., 2016). 

Then, we conducted behavior tests using MG53 in LPS treated mice by using MWM, NOR 

and OFT, which are series of behavior tests to investigate the learning and memory ability of 

animals (Xu et al., 2019; Wang et al., 2018; Cheng et al., 2016). We observed that MG53 

prevented cognitive deficits and protected against LPS-induced neurotoxicity in the 

hippocampus of mice, as indicated by shorter escape latency, higher proportion of time spent 

in the target quadrant and more platform crossing times.

Previous studies reported that neuronal loss in the hippocampus is closely correlated with 

cognitive dysfunction (Russo and McGavem, 2016; Johnson et al., 2015; Jassam et al., 2017; 

Ngwenya and Danzer, 2018). Therefore, we determined neuronal cell death by using 

TUNEL staining. Our results indicated that MG53 significantly decreased LPSinduced 

neuronal cell death and Bax expression and promoted Bcl-2 expression in the hippocampus, 

which consistent with previous reports (Xu et al., 2019). On the other hand, nerurogenesis 

(Ngwenya and Danzer, 2018; de Miranda et al., 2017; Ramon-Canellas et al., 2019) is a 

multi-step process of the formation of new neurons in the hippocampus, and the newly 

generated neurons play a crucial role in learning and memory function and recovery from 

neuronal injury (Ngwenya and Danzer, 2018; de Miranda et al., 2017; Ramon-Canellas et 

al., 2019). In this study, results of Nissl staining and EdU/NeuN labeling revealed that LPS 

induced neuronal loss, while, the number of survival neurons and newborn cells were 

increased in the hippocampus of MG53 + LPS mice. Interestingly, significant increased 

number of Ki67 + /NeuN + cells was observed in the hippocampus of MG53 + LPS group 

compared with that in LPS group. These data indicated that MG53 promoted neurogenesis 

in hippocampus of LPS treated mice.
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Chronic neuroinflammation mediates the neuronal apoptosis and degeneration process in 

various diseases, including Alzheimer’s disease (AD). Both in vivo and in vitro studies, LPS 

activated cytokines release (Barcia et al., 2011) (such as IL-6, IL-1β and TNF-a) and 

microglia cells, which further trigger apoptotic neurodegeneration (Musa et al., 2017; Wu et 

al., 2019). In our study, Iba-1 was used to characterize the activation of microglia. Results 

showed that LPS seemed to activate the Iba-1 labeled microglia that caused the elevated 

levels of IL-1β and IL-6 in the hippocampus. While, MG53 pre-treatment significantly 

attenuated LPS induced neuroinflammation by decreasing Iba-1 positive cells and reversing 

the release of IL-1β and IL-6 in LPS treated mice and HT22 cells.

It has been known that TLR4/NF-κB signal plays critical roles in inflammatory cytokines 

release (Nyati et al., 2017; Ha et al., 2014; Shih et al., 2015). Toll-like receptors (TLR) 

signals promote rapid pro-inflammatory responses during bacterial infections (Vu et al., 

2017) and initiate the inflammatory cascade (Du et al., 2017; Gao et al., 2017a; Nyati et al., 

2017; Shirjang et al., 2017; Lim and Staudt, 2013; Gao et al., 2017b). TLR4 is a receptor of 

LPS and upregulated in neural and immune cells following LPS treatment (Mouton et al., 

2012; Backhed et al., 2003; Choi, 2019). In normal conditions, the NF-κB protein is 

inactivated and bounds to IkBα in the cytoplasm (Zhao et al., 2014). When inflammatory 

reaction occurs, NF-κB is activated and promotes the production of inflammatory factors, 

such as TNF-α and IL-6 in the nucleus (Nyati et al., 2017; Li et al., 2015; Khan et al., 

2018b). Our results demonstrated that LPS significantly activated the expressions of TLR4, 

p-NF-κB, TNF-α, IL-6 and IL-lβ in HT22 cells and experimental mice. While, these 

increases were significantly reversed by MG53 pre-administration in vitro and in vivo. But, 

rigorous TLR4 blocking evidence should be made in the future studies.

5. Conclusions

We demonstrated that MG53 treatment significantly attenuated LPS-induced neurotoxicity 

and neuroinflammation by partly inhibiting TLR4/NF-κB pathway in vitro and in vivo. Our 

results highlight the neuroprotective and anti-inflammatory effect of MG53, which suggests 

MG53 may act as a beneficial therapeutic agent in LPS-induced damage.
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Fig. 1. 
The effects of MG53 on cell viability of LPS-induced HT22 cells. (A) Representative 

images of HT22 with or without 500 µg/ml LPS for 48 h. Scale bar = 100 µm. (B) Effect of 

LPS on HT22 cells proliferation was measured by CCK-8 assay; (C) The effects of MG53 

on cell viability of 500 µg/ml LPS-induced HT22. Data were presented as mean ± SEM. *p 
< .05 compared with NC group, #p < .05 compared with LPS group.
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Fig. 2. 
The effects of MG53 on cell cycle and cell apoptosis in LPS-induced HT22 cells. (A) Cell 

cycle was detected by flow cytometry. (B) Quantification of cell cycles. (C) Quantification 

of Annexin V/PI positive cells. (D) Apoptosis of HT22 was detected by Annexin V/PI 

staining. (E) Western blot and (F) densitometry analysis of Cyclin D1, Bax and Bcl-2. Data 

were presented as mean ± SEM. *p < .05, compared with NC group; # p < .05, compared 

with LPS group.
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Fig. 3. 
Effect of MG53 on LPS-induced proinflammatory cytokines expression and TLR4/NF-κB 

signaling proteins in LPS-treated HT22 cells. (A) Representative immunoblors and (B) 

densitometric analysis of IL-lβ, TNF-α and IL-6. (C) Representative immunoblots and (D) 

densitometric analysis of TLR4, total NF-κB, p-NF-κB, IKBα and p-IKBα. β-actin was 

used as an internal control. Data were presented as mean ± SEM. *p < .05, compared with 

NC group; # p < .05, compared with LPS group.
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Fig. 4. 
Effect of MG53 on LPS-induced memory impairment. (A) Schematic experimental protocol 

and timeline for experiment. (B) Representative swimming path from the MWM test. Escape 

latency (C), percentage of time spent in the target quadrant (D), crossing numbers (E) and 

swimming velocity (F) were measured and recorded in MWM test. (G) The discrimination 

index in the NOR test. (H) Total number of rearings and (I) total ambulatory distance in the 

OFT. Data were presented as mean ± SEM. n = 6 per group. *p < .05, compared with Con 

group; # p < .05, compared with LPS group.
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Fig. 5. 
Effect of MG53 on neuronal cell death in LPS-treated mice. (A) Representative apoptotic 

neurons (red) in the hippocampus detected by TUNEL staining, Scale bar = 200 µm. (B) 

Quantitative analysis of TUNEL positive cells. (C) Representative immunoblots and (D) 

densitometric analysis of Bax and Bcl-2 in the hippocampus. β-actin was used as an 

internalcontrol. Data were presented as mean ± SEM. n = 6 per group. *p < .05, compared 

with Con group; # p < .05, compared with LPS group. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. 
Effect of MG53 on neuronal survival and neurogenesis in LPS-treated mice. (A) Nissl 

staining of neurons in hippocampus. Scale bar (above) =200 µm, and scale bar (below) = 

100 µm. (B) Quantitative analysis of Nissl bodies. (C) Representative immunofluorescent 

images and (D) quantification analysis of EdU/NeuN double staining in the hippocampus. 

Scale bar = 200 µm. β-actin was used as an internal control. Data were presented as mean ± 

SEM. n = 6 per group. *p < .05, compared with Con group; # p < .05, compared with LPS 

group.
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Fig. 7. 
Effect of MG53 on microglia activation, inflammatory response and TLR4/NF-κB signaling 

protein expressions in LPS-treated mice. (A) Representative images of Iba-1 positive cells in 

the hippocampus. Scale bar = 100 µm (B) Quantification of the Iba-1 positive cells. Release 

of IL-1β (C) and IL-6 (D) was detected by ELISA. (E) Representative immunoblors and (F) 

densitometric analysis of TLR4, p-IκBα and p-NF-κB. β-actin was used as an internal 

control. Data were presented as mean ± SEM. n = 6 per group. *p < .05, compared with Con 

group; # p < .05, compared with LPS group.
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Fig. 8. 
The possible mechanism of MG53 against LPS-induced neurotoxicity and 

neuroinflammation.
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