
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Laurence Michel,
Institut National de la Santé et de la
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Latroeggtoxin-VI protects nerve
cells and prevents depression
by inhibiting NF-kB signaling
pathway activation and
excessive inflammation

Haiyan Wang, Yiwen Zhai, Zhixiang Lei, Si Chen, Minglu Sun,
Panfeng Yin, Zhigui Duan and Xianchun Wang*

State Key Laboratory of Developmental Biology of Freshwater Fish, Protein Chemistry Laboratory,
College of Life Sciences, Hunan Normal University, Changsha, Hunan, China
Depression has a high incidence and seriously endangers human health.

Accumulated evidence indicates that targeting neuroinflammation is a

potential avenue for neuroprotection and thus depression prevention. Herein,

the effects of latroeggtoxin-VI (LETX-VI), a bioactive protein from the eggs of

spider Latrodectus tredecimguttatus, on lipopolysaccharide (LPS)-induced

inflammation and depression were systematically investigated using RAW264.7

macrophages and depression mouse model. Pretreatment with LETX-VI

suppressed LPS-evoked NF-kB signaling pathway activation, inhibited LPS-

induced over-production of NO, iNOS, IL-6 and TNF-a; at the same time

LETX-VI mitigated the inhibitory effect of LPS on the expression of anti-

inflammatory factors such as Arg-1, thereby suppressing oxidative stress and

excessive inflammation. Culture of PC12 cells with the conditioned medium of

RAW264.7 cells pretreated with LETX-VI demonstrated the neuroprotective

effect of LETX-VI due to its anti-inflammation effect. In the LPS-induced

depression mouse model, pretreatment with LETX-VI improved the LPS-

induced depression-like behaviors, inhibited the activation of microglia and

astrocytes, prevented the down-regulation of Nurr1 expression and alleviated

the LPS-caused adverse changes in the brain tissues. Taken together, these in

vitro and in vivo findings provide powerful insights into the anti-inflammation-

based neuroprotective and antidepressant mechanisms of LETX-VI, which is

helpful to deeply reveal the biological effects and potential applications of

LETX-VI.

KEYWORDS

latroeggtoxin-VI, neuroprotection, anti-depression, RAW264.7 cell, PC12 cell,
depression mouse model, anti-inflammation
Abbreviations: ALB, albumin; ALP, alkaline phosphatase; ALT, glutamate pyruvate transaminase, Arg-1,

arginase-1; CD206, marophage mannose receptor; CHO, cholesterol; Cr, creatinine; GFAP, glial fibrillary

acidic protein; HDL, high-density lipoprotein; Iba-1, ionized calcium binding adaptor molecule-1; IkB,

inhibitory protein/nuclear transcription factor-kB (NF-kB) complex; IKK, IkB kinase; IL-6, interleukin-6;

iNOS, inducible NO synthase; LETX-VI, latroeggtoxin-VI; LPS, lipopolysaccharide; NO, nitrogen oxide;

Nurr1, nuclear receptor related protein 1; p65, NF-kB subunit; p-IkB, phosphorylated IkB; p-P65,

phosphorylated p65; TH, tyrosine hydroxylase; TNF-a, tumor necrosis factor; TP, serum total protein.
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1 Introduction

Adverse environment usually makes people produce stress,

anxiety and insecurity, which often lead to many psychological

and mental diseases, such as depression that is one of the most

common mental diseases in the world. Patients with depression not

only have abnormal brain function, but also have certain changes in

brain structure, such as the loss of neuron volume and the reduction

of neuron number (1). In many cases, inflammation is the body’s

response to stress and a large number of literatures have reported

that neuroinflammation is related to the pathogenesis of depression

and many neurodegenerative diseases (2–7). The main feature of

brain inflammation is the activation of astrocytes and particularly

microglia, the resident macrophages of the central nervous system

(8, 9). The activated microglia release pro-inflammatory cytokines

and free radicals that initiate or amplify the neuronal damage

response, which then activates other microglia and thus form a

cyclic mechanism of action until the pathogen is eliminated (10–

12). Patients with depression were found to have increased plasma

concentrations of pro-inflammatory cytokines, including TNF-a,
IL-1b, IL-6, etc (13–15).

Depressive-like behaviors in animals could be induced by

cytokines or cytokine inducers such as lipopolysaccharide (LPS)

administration or chronic mild stress (16–19). In the relevant

researches, LPS was commonly employed to induce inflammatory

responses in macrophages, which was used as a classical model to

evaluate the anti-inflammatory activity of active substances (20–22).

On the other hand, anti-inflammatory agents were used to suppress

pro-inflammatory cytokine level in both humans and animals (23,

24). The accumulated evidence has suggested that activation of

microglia-induced neuroinflammation plays a crucial role in the

pathophysiology of depression; targeting the neuroinflammation by

inhibiting microglia/macrophage activation is considered a possible

strategy to reduce neuroinflammation, protect nerve cells and

alleviate depression (25–29). Therefore, deepening the systematic

investigation on the relationship between inflammation and both of

nerve cell injury and depression, and screening the bioactive

molecules with a strong potential application in anti-

inflammation are of both theoretical and clinical significance.

Latroeggtoxin-VI (LETX-VI), a bioactive protein with an

average molecular weight of 6199, was discovered from the eggs

of spider Latrodectus tredecimguttatus . Previous study

demonstrated that LETX-VI could enter PC12 cells and promote

the synthesis and release of dopamine (30–32). Dopamine plays

important roles in a series of physiological functions such as

movement, cognition, mood and reward. Many human disorders

such as depression and Parkinson’s disease (PD) are due, in part, to

dysfunctional dopaminergic systems. A series of the symptoms seen

in depression, such as anhedonia and amotivation, have been more

consistently associated with dysfunctions in the dopamine system

(33, 34). Inflammation can decrease dopamine synthesis, packaging

and release, thereby affecting the basal ganglia and dopamine to

mediate depressive symptoms, and sabotaging and/or

circumventing the efficacy of standard antidepressant treatments

(35). The close relationship among dopamine, inflammation,

neuron injury and depression aroused our great interest in
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probing into the possible actions of LETX-VI in the relevant

aspects. The results of our present study demonstrated that

LETX-VI could exert neuroprotective and antidepressive effects

by inhibiting NF-kB signaling pathway and suppressing

excessive inflammation.
2 Materials and methods

2.1 Preparation of recombinant LETX-VI

Recombinant LETX-VI was prepared through heterologous

expression in E. coli based on the method described (31). In brief,

the total RNA extracted from L. tredecimguttatus eggs was used as

the template for synthesis of the first cDNA strand. Nested PCR was

employed to amplify the LETX-VI gene, which was cloned into

expression vector pET32a, followed by transforming into E. coli

BL21 (DE3) to express the fusion protein by IPTG induction. The

expressed fusion protein was affinity purified with Ni-NTA beads,

digested with enterokinase, separated by RP‐HPLC and confirmed

with mass spectrometry.
2.2 Cell culture and determination of the
cytotoxicity of LETX-VI and LPS toward
RAW264.7 cells

RAW 264.7 cells were purchased from Cell Bank of Chinese

Academy of Sciences (Shanghai, China) and seeded in the DMEM

medium containing 15% fetal bovine serum (FBS), 100 U/ml of

penicillin and 100 µg/ml of streptomycin, followed by incubation in

a humidified incubator at 37 °C and 5% CO2. The culture medium

was replaced every 1-2 days and the cells at the exponential growth

phase were adopted for drug treatment, followed by the

determnations of cytotoxicity, LDH, NO, IL-6, TNF-a, etc.
To detect the possible cytotoxicity of LETX-VI and LPS toward

RAW264.7 cells, the cells were seeded in a 96-well plate and

incubated overnight and then the wells were randomly grouped

into blank, control and test groups, each containing three wells.

After the cells pasted wall, the culture medium was gently removed

by aspiration. LETX-VI at different concentrations (0.1, 1, 4 and 8

mM) prepared with FBS-free DMEM were separately added into the

three wells of test group, 100 ml each. When LPS was added, the last

concentrations were 0.01, 0.1, 1 and 10 mg/ml. The blank group

received no cell seeding and the control group received no drugs.

After 24 h culture, 10 ml CCK-8 solution (AbMole BioScience,

Shanghai, China) was added into each well, followed by incubation

at 37 °C for 3 h. The cell viability was determined by measuring the

optical density (OD) absorbance of each well at the wavelength of

450 nm with a microplate reader (Bio-Rad Laboratories, CA, USA).

In addition, in order to detect the effect of combined application of

LETX-VI and LPS on the viability of RAW264.7 cells, LETX-VI up

to 10 mMwas first applied to the cells for 12 h and then 1 mg/ml LPS

was added to treat the cells for another 12 h.

The activity of lactate dehydrogenase (LDH) released from

RAW264.7 cells into culture medium after LETX-VI treatment
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was also used as an index for evaluating the cytotoxiciy of LETX-VI

toward RAW264.7 cells. The activity determination was performed

using a LDH Cytotoxicity Assay Kit (Beyotime Biotechnology Co.,

Ltd., Shanghai, China) according to the instructions of the

manufacturer. In brief, RAW264.7 cells were seeded in a 96-well

plate and the wells were divided into 4 groups: blank group, control

group, maximum LDH activity group, and LETX-VI treatment

group. After the cells were allowed to grow to approximately 80-

90% confluence, the culture medium was removed and LETX-VI

prepared with FBS-free DMEM to different concentrations (0.15,

0.3, 0.6, 1.3, 2.5, 5 and 10 mM) were added into the wells in LETX-VI

treatment group, each concentration in quintuplicate. The cell lysis

buffer was added into the cells in maximum LDH activity group.

The cells in blank group received no cells and those in control group

received no LETX-VI. After incubation for 24 h, the culture

medium was collected for determining the activity of released LDH.
2.3 Assay of NO released from
RAW264.7 cells

The nitric oxide (NO) released from RAW264.7 cells into the

culture medium was quantitatively determined using a Nitric Oxide

(NO) Content Assay Kit (Beyotime, Nanjing, China) according to

the instructions of the manufacturer. For detecting the influence of

LPS at different concentrations on NO level, LPS at 0, 0.01, 0.1, 1

and 10 µg/ml was used to treat RAW264.7 cells for 24 h. When the

anti-inflammatory effect of LETX-VI was investigated, different

concentrations of LETX-VI (0.1, 1 and 4 µM) were used to

pretreat the RAW264.7 cells for 12 h and then LPS (1 µg/ml) was

used to treat the cells for another 12 h. After the RAW264.7 cells

were treated with or without various concentrations of LETX-VI

and/or LPS, the culture medium was separated from the cells by

centrifugation. 50 µl of cell-free culture culture was mixed with 50 µl

of Griess reagent I and 50 µl of Griess reagent II, and the absorbance

was recorded at 540 nm using a microplate reader (Bio-Rad

Laboratories, CA, USA). Before the NO determination, a standard

sodium nitrite curve was established and the NO content was

calculated according to the standard curve.
2.4 ELISA analyses of IL-6 and TNF-a

After treatment of the cultured RAW264.7 cells with LETX-VI

and/or LPS, the levels of interleukin-6 (IL-6) and tumor necrosis

factor (TNF-a) released into the culture medium were determined

with ELISA kits according to the manufacturer’s instructions. The

cells were randomly divided into control group, LPS treatment

group and LETX-VI pretreatment group. The cells in LPS treatment

group were treated with LPS (1 mg/ml) for 12 h, and those in LETX-

VI pretreatment group were pretreated with LETX-VI (0.1, 1 and 4

mM) for 12 h and then were treated with LPS (1 mg/ml) for another

12 h. After the RAW264.7 cells were treated with different

concentrations of LETX-VI and/or LPS, the collected and

properly diluted cell-free culture media as well as the different

concentrations of standard sample in a volume of 100 ml were added
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into 96-well ELISA plates, followed by incubation for 2 h. The

solution in the wells was removed and washing buffer was used to

rinse the wells 5 times. 100 ml biotinylated anti- IL-6 or TNF-a
antibody was added and incubated for 1 h. After washing 5 times,

100 ml horseradish peroxidase-conjugated avidin solution was

added and incubated for 20 min in the dark at room temperature,

followed by extensive washing and addition of 100 ml chromogenic

substrate 3,3’,5,5’-Tetramethylbenzidine (TMB). After the reaction

was allowed to proceed for 20 min and then stopped using 50 ml
stopping solution, the absorbance value was recorded at 450 nm

with a microplate reader (Bio-Rad Laboratories, CA, USA). The

concentrations of IL-6 and TNF-a were calculated according to the

standard curve prepared with known concentrations of

the cytokines.
2.5 Western blot analysis

The levels of multiple inflammation- and neuroprotection-

related proteins, including inductible nitric oxide synthase

(iNOS), arginase-1 (Arg-1), nuclear receptor-related 1 (Nurr1),

etc, were detected with western blot analysis. The protein sample

was resolved on a 12% SDS-PAGE gel in principle as described by

Laemmli (36). The gel strip containing the protein of interest was

cut off and the protein was transferred onto a polyvinylidene

difluoride (PVDF) membrane (PALL Corporation, USA) with 100

mA for 2.5 h using a blot electrotransfer apparatus in the wet

transfer method. After the PVDF membrane was blocked by

treatment in 5% milk prepared in TBST buffer (50 mM Tris-HCl,

150 mM NaCl, 0.1% Tween-20, pH7.5) for 1.5 h at room

temperature, the protein of interest on the membrane was first

probed into with primary antibody, and then with the secondary

antibody conjugated with horseradish peroxidase. The blot was

visualized using the enhanced chemiluminescence (ECL) method

and recorded with the ChemiDoc XRS imaging system (Bio-

Rad, USA).
2.6 Development of LPS-induced
depression mouse model and detection
of anti-depressive effects of LETX-VI

The male C57BL/6J mice were purchased from Slac & Jingda

Corporation of laboratory animals, Changsha, China. Ethical

guidelines for the use of laboratory animals allowed experiments

to be conducted on mice, and the experiments were approved by the

Ethics Committee of Hunan Normal University. Development of

LPS-induced depression mouse model was performed by according

to the previous methods (37, 38). The male C57BL/6J mice were

randomly divided into control, LPS treatment and LETX-VI/LPS

combined treatment groups, 10 mice in each group. The control

mice were intraperitoneally received physiological saline, the mice

in LPS treatment group mice were intraperitoneally received LPS

(0.83 mg/kg), and those in LETX-VI/LPS combined treatment

group were intraperitoneally injected with LETX-VI (3 mg/kg

body weight), 12 h later injected with LETX-VI again, and 1 h
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later injected with LPS (0.83 mg/kg) (17, 19, 25, 39, 40). Twenty-

four h after LPS injection, the behavioral tests, including sucrose

preference test, tail suspension test and forced swimming test, were

performed. The levels of multiple proteins that are related with

inflammation and neuroprotection were detected with the methods

including western blot analysis, immunofluorescent staining, etc.

2.6.1 Sucrose preference test
Sucrose preference test was performed according to the

previously described method (41, 42). Briefly, the mice were

housed separately and independently, freely accessing to right

amount of food and 1% sucrose solution in two bottles for 24 h;

then the sucrose solution in one bottle was replaced with water for

another 24 h. The positions of the bottles were exchanged every 12

h to avoid position bias. After the two-day adaptation period, the

mice were fasted from the food as well as water and sucrose

solution for 24 h. After drug treatment, the mice were allowed to

freely access to the two bottles and right amount of food. The

weights of the two bottles were weighted in advance and 24 h

later, the bottles were taken out and weighed to determine sucrose

solution and water consumption. Sucrose preference (%) =

(sucrose bottle weight (g)/sucrose bottle weight (g)) + water

bottle weight (g)) × 100.

2.6.2 Tail suspension test
The tail suspension test was carried out based on the method

described by Steru et al. (43). The mouse was suspended with its

head down by using an adhesive tape to stick the tail to a

horizontal stick (about 30 cm from the ground) at 1-2 cm from

the tail tip. The test was performed in an opaque box (30×30×25

cm) with a square opening (15×15 cm) for easy observation. In

the box, the mouse was acoustically and visually isolated, being

more than 15 cm from the nearest object. At the beginning, the

mouse struggled to overcome the abnormal position, but after a

period of time remained movement less thereby showing

‘stillness’, which was observed for 6 min and the stillness time

within last 4 min was recorded.

2.6.3 Forced swimming test
Forced swimming test (FST) was made according to the

previously described method with minor modifications (44). The

mouse was hold by grabbing its tail and gently put into a glass

cylinder (21 cm in height and 14 cm in diameter) containing 23-25 °

C water with a depth of about 10 cm, preventing the animal’s head

from being submerged in the water. The mouse was allowed to

swim for 6 min and the stillness time within last 4 min was

recorded, including the time for floating in water, not struggling

and raising its head above the water. After test completion, the dirty

water in cylinder was replaced with fresh water, and the mouse was

wiped, dried with warm air and put back to the cage.
2.7 Immunofluorescent staining

Immunofluorescent staining of the proteins of interest in mouse

brain tissues, including ionized calcium binding adaptor molecule-1
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(Iba-1), glial fibrillary acidic protein (GFAP), nuclear receptor

related protein 1 (Nurr1), and tyrosine hydroxylase (TH), was

carried out according to the previous methods with some

modifications (45, 46). After the mice were executed by dislocation

of cervical vertebra following CO2 anesthesia, their brain was quickly

dissected and fixed with 4% paraformaldehyde for 24 h at 4 °C. The

tissues at different locations of the brain were sampled and washed

three times with PBS buffer (pH 7.4). The samples were put into a

dehydration box and underwent the gradient alcohol dehydration

with 75-100% alcohol, followed by treatment with alcohol-benzene

mixture, dimethylbenzene and 65 °C melted paraffin. Then the

samples were embedded into paraffin and sliced into sections using

a paraffin slicer. After the sections were dewaxed in dimethylbenzene,

rehydrated in the decreasing concentrations of ethanol and washed in

distilled H2O, antigenretrieval with microwave heating and blockage

in 3% BSA were performed. Then the section was incubated with the

primary antibody diluted in PBS at 4 °C overnight. After washing

three times with the PBS buffer, the section was incubated with a

fluoresine-conjugated secondary antibody at room temperature in

dark. The nuclei were stained with 2-(4-Amidinophenyl)-6-

indolecarbamidine dihydrochloride (DAPI). Immunofluorescent

images were recorded with a fluorescence microscope (Nikon

Eclipse C1, Japan).
2.8 Nissl staining

Nissl staining was performed according to the described

method with some modifications (47, 48). Briefly, the sections of

brain tissues from mice were sequentially treated with

dimethylbenzene, anhydrous ethanol, 75% ethanol and distilled

H2O. The sections were stained in toluidine blue for 5 min, washed

with distilled H2O and treated with Nissl differentiation solution.

After being washed with distilled H2O, the sections were dried in an

oven and treated with dimethylbenzene for 10 min, followed by

sealing with neutral gum and observation under a light microscope

(Nikon EclipseE100, Japan).
2.9 Assay of hemolysis and blood
biochemical indexes

The possible hemolytic activity of LETX-VI was assayed using

the modified method of Evans et al. (49). After male C57BL/6J mice

were anaesthetized with ether, the eyeballs of mice were removed

and the blood was collected into EDTA-K2 (2 mg/ml blood)-coated

tubes to prevent coagulation, followed by refrigerated centrifugation

at 800 g for 5 min to remove plasma. The obtained red blood cells

were washed with isotonic PBS buffer four times. The cells were

used in hemolysis assay at a final concentration of 1% (vol/vol). For

negative control, isotonic PBS buffer was added; for positive control,

0.1% Triton X-100 was added. LETX-VI was diluted in a two-fold

series dilution with PBS, ranging from 250 to 1.95 µM. Assays were

incubated at 37°C for 30 min and then centrifuged at 12 000 g for 3

min at 4°C to remove unlysed red blood cells. An aliquot of the

supernatants containing released hemoglobin was transferred to the
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wells of a 96-well plate, and the A490 was measured. Hemolytic

activity (%) was calculated as follows:

(Atest sample �Anegative control=Apositive control �Anegative control)� 100

For determining the effects of LETX-VI on the blood

biochemical indexes of mice, sixteen male C57BL/6J mice were

divided into one control group and three test groups, each with four

mice. The blood was collected at 30, 60 and 90 min after

intraperitoneal injection of LETX-VI at a concentration of 3 mg/

kg body weight, and the plasma was obtained after centrifugation.

The control mice were injected with sterile physiological saline. The

selected blood biochemical indexes, including those closely related

with the functions of liver and kidney such as albumin, glutamate

pyruvate transaminase, creatinine, were determined with an

automatic biochemical analyzer (DXC800, Beckman, USA).
2.10 Statistical analysis

All the experiments were conducted at least in triplicate. The

data were displayed as mean ± standard deviation of replicated

measurements. The statistical analyses were performed using

GraphPad software version 5.0 (GraphPad Software, Inc. La Jolla,

CA, USA). One-way ANOVA with Tukey’s post hoc test was used to

analyze differences among three or more groups, and a two-tailed
Frontiers in Immunology 05
Student’s t-test was used to analyze the differences between 2

groups. The difference was considered significant at P< 0.05.
3 Results

3.1 Cytotoxicity of LETX-VI and LPS toward
RAW264.7 cells

Before the effects of LETX-VI on LPS-induced inflammation of

RAW264.7 cells were investigated, the potential cytotoxicity of

LETX-VI and LPS toward the macrophages was detected to screen

the optimal experimental concentrations. As shown in Figure 1A,

LETX-VI up to 8 mM did not obviously influence the viability of

RAW264.7cells after treatment for 24 h, suggesting that the

cytotoxicity of LETX-VI against the macrophages, if present, is

limited within this concentration range, which was supported by

the results of released lactate dehydrogenase determination that

LETX-VI up to 10 mM caused no obvious changes in the mortality

rate of RAW264.7 cells (Figure 1B). Treatment of the RAW264.7 cells

with LPS at concentrations of 0.01, 0.1 and 1 mg/ml for 24 h has no

significant adverse effect on the viability of the cells, although LPS at

10 mg/ml led to a significant decrease in the cell viability, compared

with the control (P< 0.05) (Figure 1C). Furthermore, when LETX-VI

up to 10 mM was used to pretreat the macrophages before 1 mg/ml

LPS application, the viability of macrophages was not significantly

changed (Figure 1D). These findings demonstrate that LETX-VI up
B

C D

A

FIGURE 1

Cytotoxicity analysis of LETX-VI and LPS toward RAW264.7 cells. (A) Effect of LETX-VI on the viability of RAW264.7 cells. (B) Mortality rate of
RAW264.7 cells after treatment with different concentrations of LETXI-VI, measured with lactate dehydrogenase determination. (C) Effect of LPS on
the viability of RAW264.7 cells. *P< 0.05 vs C (control). (D) Effect of LETX-VI combined with LPS on the viability of RAW264.7 cells. n ≥ 3.
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to 10 mMand LPS up to 1 mg/ml as well as their combined application

were not obviously cytotoxic toward RAW264.7 cells.
3.2 Inhibitory effects of LETX-VI on
LPS-induced production of pro-
inflammation factors

3.2.1 Appropriate concentration of LPS to induce
pro-inflammation factor production

For screening the appropriate experimental concentration of

LPS to induce the inflammation of RAW264.7 cells, different
Frontiers in Immunology 06
concentrations (0.01, 0.1, 1 and 10 mg/ml) of LPS were used to

treat RAW264.7 cells for 24 h and took the concentration of

released NO as the detection index of inflammation, considering

that NO is a free radical playing an important role in inflammation.

The resulting data showed the amount of released NO was highest

when 1mg/mL LPS was applied (Figure 2A). Moreover, LPS at this

concentration did not obviously influence the viability of the

RAW264.7 cells (Figure 1C). Therefore, 1mg/ml LPS was used in

the following experiments to induce the inflammation of

RAW264.7 cells, although there may be some differences among

the LPS concentrations needed to induce different inflammatory

factors from the RAW264.7 cells.
B

C

D

E F

A

FIGURE 2

Detection of the inhibitory effects of LETX-VI on LPS-induced Pro-inflammation factor production by RAW 264.7 cells. (A) Screening of the
appropriate concentration for LPS to induce pro-inflammation factor production. (B) Effects of LPS and LETX-VI on NO level. (C) Effects of LPS and
LETX-VI on iNOS level. Gray analysis was shown in Supplementary Figure 1A. (D) Analysis of the effects of LPS and LETX-VI on iNOS level by laser
confocal scanning microscopy. Relative fluorescence intensity was shown in Supplementary Figure 1B. (E) Effects of LPS and LETX-VI on IL-6 level.
(F) Effects of LPS and LETX-VI on TNF-a level. *P< 0.05; **P< 0.01, ***P< 0.001. n ≥ 3.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1171351
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2023.1171351
3.2.2 LETX-VI decreases LPS-induced
NO production

Treatment of RAW264.7 cells with 4 mM LETX-VI alone for 12

h showed no obvious influence on the NO content in culture

medium and, however, 1mg/ml LPS treatment resulted in an

increase in the NO level (P<0.001). Pretreatment with LETX-VI

(0.1, 1 and 4 mM) before LPS application showed a significant

inhibitory effect on LPS-induced increase in the NO production,

with P< 0.05 and 0.01, respectively (Figure 2B).

3.2.3 LETX-VI abates LPS-induced upregulation
of iNOS

Western blot analysis demonstrated that 1mg/ml LPS treatment

significantly increased the abundance level of this enzyme in

RAW264.7 cells, while 4 mM LETX-VI alone displayed no

obvious effect. Pretreatment of the cells with LETX-VI (0.1, 1 and

4 mM) before LPS application abated LPS-induced up-regulation of

this enzyme (Figure 2C; Supplementary Figure 1A). For further

confirming the effect of LETX-VI on iNOS level, we employed

immunofluorescent staining to detect the iNOS level in RAW264.7

cells. Laser confocal scanning microscopy showed that LPS

treatment significantly increased the fluorescence intensity of

iNOS compared with the control and, when LETX-VI at 0.1, 1

and 4 mM were employed to pretreat the RAW264.7 cells, the

fluorescence intensity was decreased as the LETX-VI concentration

increased, with the fluorescence intensity being comparable to that

of the control when LETX-VI concentration of LETX-VI was 4 mM
(Figure 2D; Supplementary Figure 1B), which supported the

conclusion drawn by western blot analysis (Figure 2C;

Supplementary Figure 1A).

3.2.4 LETX-VI reduces LPS-induced
IL-6 production

After treating RAW264.7 cells with 1 mg/ml LPS in the same

manner described above, ELISA analysis indicated that LPS

treatment significantly increased the level of IL-6, and 4 mM
LETX-VI alone did not obviously affect that of IL-6 compared

with the control. However, LETX-VI pretreatment significantly

reduced IL-6 product ion caused by LPS st imulat ion

(P<0.05) (Figure 2E).

3.2.5 LETX-VI decreases LPS-induced
TNF-a production

When the effects of LPS and LETX-VI on TNF-a were

investigated, the experimental results showed that treatment of

the RAW264.7 cells with 1mg/ml LPS remarkably increased the

level of TNF-a and 4 mM LETX-VI itself showed no obvious

influence; however pretreatment with different concentrations

(0.1, 1 and 4 mM) of LETX-VI significantly decreased the rising

amplitude of TNF-a induced by LPS (P< 0.01 and 0.001,

respectively) (Figure 2F).

All the observations demonstrate that, under the present

experimental conditions, LETX-VI itself has no obvious effects on

the level of pro-inflammation factors; however, pretreatment with

LETX-VI attenuates or inhibits LPS-induced production of pro-

inflammation factors.
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3.3 LETX-VI abates LPS-induced
inflammation by suppressing NF-kB
signaling pathway activation caused by LPS

For further revealing the molecular mechanism of LETX-VI to

attenuate LPS-induced inflammation of RAW264.7 cells, we

experimentally observed the effects of LPS and LETX-VI on the

NF-kB signaling pathway, which is a typical pathway involved in

immune and inflammation (50). Nuclear transcription factor-kB
(NF-kB) is an important transcription regulator and usually exists

in cytosol in an inactive form of p65-p50 heterodimer associated

with inhibitory protein IkB. When the IkB is activated by

phosphorylation, the p65-p50 dissociates from IkB and enters the

nucleus to regulate transcription of multiple inflammatory factors

(50, 51). Our experimental results showed that treatment of

RAW264.7 cells with 1 µg/ml LPS for 30 min or so promoted the

phosphorylation of IkB and the serine residue 536 (S536) in p65,

with the highest promoting efficiency at 30 min (Figure 3A;

Supplementary Figures 2A, B), which is in favorable for p65-p50

heterodimer to dissociate from IkB and enter the nucleus from the

cytosol. After we separated the nucleus from cytosol of RAW264.7

cells and detected the distribution of p65 in these two subcellular

factions, we found that, after LPS treatment for 30 min, the p65 level

in the nucleus was increased and that in cytosol was accordingly

decreased (Figure 3B; Supplementary Figure 2C), which

demonstrated that LPS treatment of RAW264.7 cells indeed

promoted the entry of P65 into the nucleus and activated the NF-

kB signaling pathway.

When 4 µM LETX-VI was used alone to treat RAW264.7 cells,

the phosphorylation levels of IkB and S536 in p65 were not

obviously affected. However, LETX-VI (0.1, 1 and 4 µM)

pretreatment for 12 h before LPS treatment for 30 min attenuated

or reversed LPS-induced increase in the phosphorylation of IkB and

S536 in p65 (Figure 3C; Supplementary Figures 2D, E), which is

unfavorable to the entry of p65 into the nucleus. For verifying the

effect of LETX-VI pretreatment on the p65 entry into the nucleus,

the nucleus and cytosol were separated and their p65 content was

measured. The results showed that, after 1 mg/ml LPS treatment for

30 min, the p65 level in nucleus was increased and that in cytosol

was accordingly decreased; application of 4 µM LETX-VI alone did

not influence the distribution of p65 between the nucleus and

cytosol. However, pretretment of the RAW264.7 cells with LETX-

VI (0.1, 1 and 4 µM) before LPS treatment attenuated or abolished

the LPS-evoked increase in the nuclear p65 level (Figure 3D;

Supplementary Figure 2F). In order to further confirm the effects

of LPS and LETX-VI on the entry of p65 into the nucleus,

immunofluorescent staining was employed to monitor the

changes in the subcellular distribution of p65. Laser confocal

scanning microscopic observation indicated that LPS induced an

obvious increase in p65 fluorescence intensity near and in the

nucleus, suggesting that LPS promoted p65 to move to and enter

the nucleus. LETX-VI pretreatment attenuated the LPS-caused

increase in the fluorescence intensity of nuclear p65 (Figure 3E;

Supplementary Figure 2G), supporting the conclusion drawn with

western blot analysis (Figure 3D; Supplementary Figure 2F). These

results indicate that under the present experimental conditions LPS
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treatment activated the NF-kB signaling pathway and promoted the

entry of p65 into the nucleus of RAW264.7 cells to increase the

transcription of the genes for pro-inflammatory factors, whereas

LETX-VI pretreatment could suppress the activation action of LPS

on the NF-kB signaling pathway.
3.4 Effects of LPS and LETX-VI on the
levels of M2 macrophage markers

Macrophage mannose receptor (CD206) is one of the surface

biomarkers of M2 macrophages (52) and we determined the effects of

LPS and LETX-VI on its abundance level so as to probe into the ability

of LETX-VI to promote RAW264.7 cell polarization towards M2

phenotype. The results (Figure 4A; Supplementary Figure 3A)

indicated that, after treatment of the RAW264.7 cells with 1 µg/ml

LPS for 12 h, the CD206 level was decreased compared with the

control, whereas treatment with 4 µM LETX-VI alone for 12 h

increased the level of CD206, suggesting that LPS leads to M1

activation and LETX-VI inhibits M1 RAW264.7 cells and promotes

M2 polarization of the macrophages. Moreover, pretreatment of

RAW264.7 cells with LETX-VI before LPS application could alleviate

LPS-induced polarization of the macrophages towards M1 phenotype.

When the effects of LPS and LETX-VI on Arg-1, another

biomarker of anti-inflammatory M2 macrophages, were determined

using western blotting. the results (Figure 4B; Supplementary

Figure 3B) showed that, compared with the control, treatment of

RAW264.7 cells with 1 µg/ml LPS significantly reduced Arg-1 level,
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whereas 4 µM LETX-VI showed an opposite effect, again confirming

the ability of LETX-VI to inhibit LPS-induced M1 macrophages and

restore M2 macrophages. Similarly, pretreatment of the RAW264.7

cells with LETX-VI (0.1, 1 and 4 µM) attenuated LPS-caused decrease

in Arg-1 level in a concentration-dependent manner, demonstrating

that LETX-VI pretreatment could be used to inhibit M1 macrophage

activation to a certain degree. In order to further verify the effects of

LPS and LETX-VI on Arg-1 level in RAW264.7 cells,

immunofluorescent staining of the Arg-1 was performed. The laser

confocal scanning microscopy indicated that LPS led to a remarkable

decrease in the fluorescence intensity for Arg-1, and pretreatment of

the cells with LETX-VI (0.1, 1 and 4 µM) abolished the adverse

influence of LPS on the fluorescence intensity for Arg-1, keeping the

fluorescence intensity for Arg-1 to be comparable to that of the control

(Figure 4C; Supplementary Figure 3C), supporting the conclusion on

the effects of LPS and LETX-VI on Arg-1 level drawn with western blot

analysis (Figure 4B; Supplementary Figure 3B).
3.5 LETX-VI protects PC12 cells by
inhibiting LPS-induced inflammation

3.5.1 LETX-VI attenuates the effects of LPS-
induced inflammation on the viability, TH and
Nurr1 of PC12 cells

In order to further evaluate the efficiency of LETX-VI in

protecting nerve cells through inhibiting inflammation, the effect

of RAW264.7 cell conditioned medium (CM) prepared with or
B

C

D

E

A

FIGURE 3

LETX-VI abates LPS-induced inflammation of RAW264.7 cells by suppressing NF-kB signaling pathway activation caused by LPS. (A) Treatment of
RAW264.7 cells with 1 µg/ml LPS for 30 min or so promoted the phosphorylation of IkB and S536 in p65, leading to increased phosphorylated IkB
(p-IkB) and S536 in p65 (p-p65). Gray analysis was shown in Supplementary Figures 2A, B. (B) LPS treatment promoted the entry of p65 into the
nucleus from cytosol of RAW264.7 cells. Gray analysis was shown in Supplementary Figure 2C. (C) LETX-VI pretreatment inhibited the
phosphorylation of IkB and S536 in p65 induced by LPS treatment for 30 min. Gray analysis was shown in Supplementary Figures 2D, E (D) LETX-VI
pretreatment inhibited the entry of p65 into nucleus induced by LPS treatment for 30 min. Gray analysis was shown in Supplementary Figure 2F.
(E) Immunofluorescent staining further confirmed that LETX-VI pretreatment inhibited the entry of p65 into nucleus induced by LPS treatment for
30 min. Nuclear/Cytosolic fluorescence ratio was shown in Supplementary Figure 2G. n ≥ 3.
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without LPS and LETX-VI treatment on PC12 cell viability were

first determined. The results shown in the Figure 5A indicate that

the RAW264.7 cell CM prepared with 4 mM LETX-VI treatment for

12 h had no significant effect on the viability of PC12 cells, whereas

the CM prepared with 1 µg/ml LPS treatment for 12 h significantly

reduced the viability of PC12 cells, suggesting that the LPS-induced

inflammation heavily affected the viability of PC12 cells. When the

PC12 cells were cultured with the CM prepared with LETX-VI (0.1,

1 and 4 µM) pretreatment for 12 h before LPS treatment, the

viability of PC12 cells was enhanced as increasing the LETX-VI

concentration compared with the cell viability without LETX-VI

pretreatment (P< 0.01 and 0.001). These observations demonstrate

that LETX-VI up to 4 µM itself has no obvious effect on the viability

of PC12 cells and, however, LETX-VI pretreatment can provide a

certain protective effect for the nerve cells in a concentration-

dependent manner by alleviating LPS-evoked inflammation.

PC12 cells are a model for dopaminergic cells and can

synthesize, store and release dopamine. Tyrosine hydroxylase

(TH), as the key enzyme for the synthesis of dopamine, is closely

related to the viability of the dopaminergic cells (53, 54). When we

detected the effect of RAW264.7 cell CM on the TH level in PC12

cells, the CM prepared with 1 µg/ml LPS treatment was found to

remarkably reduce TH level, and the CM prepared with LETX-VI

pretreatment, like the situation in cell viability detection, mitigated

LPS treatment CM-caused decrease in the TH level in a dose-

dependent manner (Figure 5B; Supplementary Figure 4A).

In view of the report that nuclear receptor related protein 1

(Nurr1) may protect dopaminergic neurons from inflammation-
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induced death (9), we detected the effects of CMs prepared with LPS

and LETX-VI treatment on Nurr1 level of PC12 cells. As shown in

(Figure 5C; Supplementary Figure 4B), the CM prepared with 1 mg/
ml LPS treatment obviously decreased the Nurr1 level, and that

prepared with 4 µM LETX-VI alone had no obvious effect on the

level of Nurr1. However, the CMs prepared by preteatment with

LETX-VI (0.1, 1 and 4 µM) before LPS treatment had less adverse

effects on Nurr1 level, and the 4 µM LETX-VI pretreatment-

prepared CM led to the Nurr1 level to be comparable to that of

the control. These results indicate that, although LETX-VI itself has

no obvious effect on the Nurr1 level, LETX-VI pretreatment can

effectively suppress the adverse effect of LPS-stimulated

inflammation on Nurr1 level, which is helpful for Nurr1 to exert

its neuroprotective effect.

3.5.2 LETX-VI mitigates the induction effect of
LPS-induced inflammation on apoptosis

To further reveal how LPS-induced inflammation of RAW264.7

cells affects PC12 cells and even better understand the

neuroprotective effect of LETX-VI, we detected the effect of

RAW264.7 cell CM on the apoptosis of PC12 cells. As shown in

Figure 5D and Supplementary Figure 4C, compared with the

control, culture of PC12 cells with RAW264.7 cell CM prepared

with 1 µg/ml LPS treatment for 12 h increased the cytosolic Cyt c

level of the PC12 cells, whereas 4 µM LETX-VI treatment-prepared

CM had no obvious influence. When the CM prepared with LETX-

VI (0.1, 1 and 4 µM) pretreatment for 12 h before LPS treatment

was used to culture PC12 cells for 72 h, the cytosolic Cyt c level was
B

C

A

FIGURE 4

Effects of LPS and LETX-VI on the levels of CD206 and Arg-1 in RAW264.7 cells. (A) Effects of LPS and LETX-VI on CD206 level, detected by western
blot analysis. Gray analysis was shown in Supplementary Figure 3A. (B) Effects of LPS and LETX-VI on Arg-1 level, detected by western blot analysis.
Gray analysis was shown in Supplementary Figure 3B. (C) Effects of LPS and LETX-VI pretreatment on Arg-1 level, detected by laser confocal
scanning microscopy. Relative fluorescence intensity was shown in Supplementary Figure 3C. n ≥ 3.
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decreased, with the mitochondrial Cyt c level being changed in an

opposite tendency. Figure 5E and Supplementary Figure 4D shows

that 1 µg/ml LPS treatment-prepared CM increased the level of

cleaved caspase 3, the activated form of caspase 3, in PC12 cells,

suggesting its promoting effect on apoptosis. 4 µM LETX-VI

treatment-prepared CM did not obviously affect the levels of both

caspase 3 and cleaved-caspase 3. Nevertheless, when the PC12 cells

were cultured with the CMs prepared by pretreating RAW264.7

cells with LETX-VI at 0.1, 1 and 4 µM, respectively, the level of

cleaved caspase 3 was gradually decreased to that of the control.

For further probing into the effect of CM on the apoptosis of

PC12 cells, we used FITC-labeled annexin V and PI to treat the CM-

cultured PC12 cells and directly analyzed the apoptotic rate with the

flow cytometry. The results indicated that the apoptotic rates of PC12

cells cultured with the 1 µg/ml LPS treatment-prepared CM was

significantly increased compared with the control (5.06 ± 0.76% vs

3.63 ± 1.65%) (P< 0.05). When the PC12 cells were cultured with the

CM prepared by 4 µM LETX-VI pretreatment before LPS treatment,
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the apoptotic rate of PC12 cells was comparable to that of the control

(3.88 ± 0.44 vs 3.63 ± 1.65%) (P > 0.05). Figure 5F shows the

representative dot plots of apoptotic rate analysis.

All the observations demonstrate that LETX-VI may exert

neuroprotective effects through attenuating or abolishing

inflammation-caused caspase 3 activation, mitochondrial

apoptosis and decrease in the expression of the proteins that have

neuroprotective effects such as Nurr1.
3.6 LETX-VI attenuates LPS-induced
depression in the depression mouse model

There have been a large number of reports revealing a close

linkage between inflammation and depression (2, 4, 6, 55).

Therefore, after LETX-VI was confirmed to be of potent anti-

inflammation, its potential anti-depression effect was

subsequently investigated with the depression mouse model.
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FIGURE 5

LETX-VI protects PC12 cells by inhibiting LPS-induced inflammation. (A) Effect of RAW264.7 cell CMs on PC12 cell viability. (B) Effect of RAW264.7
cell CMs on tyrosine hydroxylase (TH) level. Gray analysis was shown in Supplementary Figure 4A. (C) Effect of RAW264.7 cell CMs on Nurr1 level.
Gray analysis was shown in Supplementary Figure 4B. (D) Effect of RAW264.7 cell CMs on the distribution of cytochrome c (Cyt c) between
mitochondria and cytosol in PC12 cells. Gray analysis was shown in Supplementary Figure 4C. (E) Effect of RAW264.7 cell CMs on the levels of
caspase 3 and activated caspase 3 (cleaved-casepase 3) in PC12 cells. Gray analysis was shown in Supplementary Figure 4D. (F) Representative dot plots
of apoptotic rate analysis, showing the effect of RAW264.7 cell CMs on PC12 cell apoptosis. CM, conditioned medium. n ≥ 3. **P < 0.01, ***P < 0.001.
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3.6.1 LETX-VI improves depressive behaviors of
depression model mice

After the mice were adapted to the experimental environment,

the amounts of sucrose solution and water consumed during a 24 h

period were recorded for evaluating the sucrose preference of the

tested mice. As a result, compared with the control intraperitoneally

injected with physiological saline, intraperitoneal injection of LPS at

a dose of 0.83mg/kg body weight significantly reduced the sucrose

preference of the mice (P< 0.01) and, however, pretreatment with

LETX-VI (3 mg/kg body weight) prior to LPS injection abolished

the LPS-induced decrease in sucrose preference (P< 0.01), making
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the sucrose preference of the mice comparable to that of the control

(Figure 6A). During the tail suspension test, the LPS-treated mice

exhibited significantly longer time immobile than the control

(P<0.001). Pretreatment with LETX-VI remarkably alleviated the

LPS-stimulated increase in the immobility period (P< 0.01), making

the time immobile of the mice comparable to that of the control

(Figure 6B). Similar observations were obtained in the forced

swimming test. As shown in Figure 6C, LPS-treated mice showed

significant longer immobility time in water than the control mice

(P<0.01). Pretreatment with LETX-VI inhibited the LPS-caused

increase in immobility period and led to the immobility period
B C

D E F

G H I

A

J K

L

FIGURE 6

LETX-VI improves depressive behaviors and alleviates LPS-induced changes in the body weight and the levels of selected anti-inflammation and
neuroprotection-related proteins in the brain of depression model mice. (A–C) Effects of intraperitoneal injection of LPS and pretreatment with
LETX-VI before LPS injection on the sucrose preference and the immobility times in tail suspension and force swimming tests, respectively.
**P< 0.01, ***P< 0.001. (D–K) Effects of intraperitoneal injection of LPS and pretreatment with LETX-VI before LPS injection on the levels of selected
anti-inflammation and neuroprotection-related proteins in the brain of depression model mice. iNOS, inducible nitric oxide synthase. Arg-1,
arginase-1. CD206, macrophage mannose receptor. p-IkB, phosphorylated IkB. IkB, inhibitory protein/nuclear transcription factor-kB (NF-kB)
complex. p-P65, phosphorylated p65. p65, one protein in p65-p50 heterodimer (inactive NF-kB). TH, tyrosine hydroxylase. Nurr1, nuclear receptor
related protein 1. Gray analysis was shown in Supplementary Figures 5A–H. (L) Effects of LPS and LETX-VI on the body weight of mice. n ≥ 3.
**P< 0.01, ***P< 0.001.
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being comparable to that of the control mice. All the results indicate

that LETX-VI pretreatment mitigates the depression behaviors of

LPS-induced depression model mice and suggest the anti-

depression effect of LETX-VI.
3.6.2 Western blot analysis of the effects of
LETX-VI on proteins in mouse brain tissues

Besides detection of the effect of LETX-VI on the depression

behaviors of model mice, the effects of LETX-VI pretreatment on

the representative proteins that are related with anti-inflammation

and neuroprotection in the mouse brain tissues were also

investigated, so as to compare in vivo and in vitro experimental

results. The results shown in Figure 6D and Supplementary

Figure 5A indicate that intraperitoneal injection of LPS (0.83 mg/

kg body weight) resulted in a significant increase in the level of

iNOS, used as a representative pro-inflammatory factor in this

assay; pretreatment with LETX-VI (3 mg/kg body weight) twice

before LPS injection eliminated such an increase in iNOS level,

demonstrating that LETX-VI could exert anti-inflammation effect

under both in vitro and in vivo experimental conditions. The levels

of Arg-1 and CD206 protein, representative anti-inflammatory

factor and biomarker of M2 activation macrophages/microglia

(56), in mouse brain tissues were reduced by LPS, and LETX-VI

preteatment alleviated the adverse effect of LPS (Figures 6E, F;

Supplementary Figures 5B, C). These results confirm that LETX-VI,

like the situation in vitro experiments, has the ability to resist LPS-

evoked inflammatory and facilitate the shift of microglial M1 to

M2 phenotype.

Figures 6G, H and Supplementary Figures 5D, E show that the

levels of p-IkB and p-p65 were remarkably increased by LPS

treatment and LETX-VI pretreatment attenuated the increase

amplitude. In order to detect the in vivo neuroprotective effect of

LETX-VI, the levels of caspase 3, cleaved caspase 3 and TH in the

mouse brain tissues were measured. The results showed that both

LPS and LETX-VI have no obvious effects on the total level of

caspase 3. However, LPS increased the cleaved casepase 3 level,

whereas LETX-VI pretreatment mitigated the increase amplitude of

cleaved caspasse 3 (Figure 6I; Supplementary Figure 5F). TH level

was remarkably decreased by LPS and however LETX-VI

pretreatment efficiently alleviated the decrease amplitude

(Figure 6J and Supplementary Figure 5G). Figure 6K;

Supplementary Figure 5H shows that LPS decreased the Nurr1

level in mouse brain tissues; however, LETX-VI pretreatment

eliminated such an adverse effect of LPS on Nurr1.

All the results demonstrate that LETX-VI pretreatment, like

that in the in vitro experiments, attenuates or abolishes LPS-

induced alternations in the levels of the proteins related with

inflammation and neuroprotection.
3.6.3 Effects of LPS and LETX-VI on the body
weight of mice

When the changes in the mouse body weight during 72 h after

injection of drugs or physiological saline were measured, it was

found that the body weight of the mice in control group was

rapidly increased during the first 12-h period after physiological
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saline injection, followed by a slight rising till 72 h (Figure 6L).

Compared with the control, intraperitoneal injection of LPS (0.83

mg/kg body weight) resulted in a significant decrease in body

weight particularly in the first 24-h period (P< 0.001 or 0.01).

Pretreatment of the mice with LETX-VI (3 mg/kg body weight)

twice prior to LPS injection significantly attenuated the LPS-

caused body weight decrease and led to the body weight of the

mice to be comparable to that of the control mice at 72 h

(Figure 6L). These observations suggest that LPS may decrease

the body weight of the mice by inducing depression to decrease

food intake and interfering with the metabolism of substance and

energy; pretreatment with LETX-VI may markedly mitigate such

adverse effects caused by LPS.
3.6.4 Immunofluorescent and Nissl staining
analyses of LETX-VI abating the adverse effects
of LPS on mouse brain cells and proteins

For detecting the in vivo effects of LPS and LETX-VI on mouse

brain inflammation, the levels of ionized calcium binding adaptor

molecule-1(Iba-1) and glial fibrillary acidic protein (GFAP),

biomarkers for the activation of microglia and astrocytes,

respectively (57), in the substantia nigra and hippocampus were

determined with immunofluorescent staining. Laser confocal

scanning microscopy results (Figure 7; Supplementary Figures 6A,

B) showed that intraperitoneal injection of LPS (0.83 mg/kg body

weight) resulted in increased intracellular fluorescence intensity for

Iba-1 and GFAP in both substantia nigra and hippocampus,

suggesting that LPS induced the activation of microglia and

astrocytes. Injection of LETX-VI (3 mg/kg body weight) before

LPS injection attenuated or eliminated LPS-induced increase in the

fluorescence intensity for the two biomarker proteins,

demonstrating that LETX-VI pretreatment suppressed LPS-

evoked activation of the microglia and astrocytes. These results

indicate that LETX-VI pretreatment may inhibit LPS-induced

inflammation and thus provide a certain protective effect for

the neurons.

To further confirm the protective effect of LETX-VI on

neurons, Nissl staining was employed to monitor the changes in

the number of alive neurons in the substantia nigra and

hippocampus. As shown in Figure 7 and Supplementary

Figure 6C, LPS treatment resulted in a decrease in the number

of alive neurons in both substantia nigra and hippocampus, and

LETX-VI pretreatment mitigated the adverse influence caused by

LPS. Nurr1 is closely related with anti-inflammation and

neuroprotection and reduced Nurr1 level resulted in exaggerated

inflammatory responses in microglia, which were further

amplified by astrocytes, and led to the production of factors that

caused death of dopaminergic neurons (9). When we detected the

effects of LPS and LETX-VI pretreatment on Nurr1 level with

immunofluorescent staining, the intracellular fluorescence

intensity for Nurr1 in both substantia nigra and hippocampus

was markedly lowered by LPS, and LETX-VI pretreatment

mitigated the influence of LPS, making the fluorescence

intensity for Nurr1 comparable to that of the control (Figure 7;

Supplementary Figure 6D). These results suggest that LETX-VI
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pretreatment may protect dopaminergic neurons through

inh i b i t i n g LPS - i nduc ed d e c r e a s e i n Nur r 1 l e v e l .

Immunofluorescent staining analysis indicated that LPS

treatment led to a significant decrease in the intracellular

fluorescence intensity for TH in substantia nigra and

pretreatment with LETX-VI before LPS injection made the

fluorescence intensity comparable to that of the control

(Figure 7; Supplementary Figure 6E), confirming the protective

effect of LETX-VI pretreatment on dopaminergic neurons, which

is in consistence with the conclusion drawn with western blot

analysis (Figure 6J; Supplementary Figure 5G).
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3.7 Safety assessment of the application of
LETX-VI to mice

When the hemolytic activity of LETX-VI toward mouse red blood

cells was determined, LETX-VI at concentrations of up to 250 µM was

found to have no obvious hemolytic activity under the present

experimental conditions (Figure 8A). At the different time points (30,

60 and 90 min) after the injection of LETX-VI at a dose of 3 mg/kg

body weight, the levels of serum total protein, albumin, alkaline

phosphatase, glutamate pyruvate transaminase, cholesterol, high-

density lipoprotein and creatinine were quantitatively determined.
FIGURE 7

Immunofluorescent and Nissl staining analyses of LETX-VI abating the adverse effects of LPS on mouse brain cells and proteins. Iba-1, ionized
calcium binding adaptor molecule-1. GFAP, glial fibrillary acidic protein. Nurr1, nuclear receptor related protein 1. TH, tyrosine hydroxylase. Relative
fluorescence intensity of Iba-1 was shown in Supplementary Figure 6A. Relative fluorescence intensity of GFAP was shown in Supplementary
Figure 6B. Number of Nissl-positive neurons/area was shown in Supplementary Figure 6C. Relative fluorescence Intensity of Nurr1 was shown in
Supplementary Figure D. Relative fluorescence intensity of TH was shown in Supplementary Figures 6A, E. n ≥ 3.
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FIGURE 8

Effects of LETX-VI on red blood cells (A) and some blood biochemical indexes (B–H) of mice. TP, serum total protein; ALB, albumin; ALP, alkaline
phosphatase; ALT, glutamate pyruvate transaminase; CHO, cholesterol; HDL, high-density lipoprotein; Cr, creatinine. n ≥ 3.
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The results showed that, compared with the control, up to 90 min after

LETX-VI treatment the levels of those blood biochemical indexes were

not significantly altered, although there were a certain degree of

fluctuations (Figures 8B–H). In view of the fact that most of the

detected blood indexes are closely related with the physiological

functions of liver, kidney, biliary system, etc., and these indexes are

not obviously influenced by LETX-VI, suggesting that application of

LETX-VI at 3 mg/kg body weight under our present experimental

conditions is not toxic toward the mice and hint the safety of LETX-VI

application in the future.
4 Discussion

Macrophages are important immune cells, which participate in the

modulation of a series of inflammations and autoimmune diseases

through either specific (cellular immunity) or non-specific defenses

(innate immunity) in vivo (58). Inflammatory responses induced by

LPS in macrophages have been commonly used as a classical model to

evaluate the anti-inflammatory activity of active substances (20–22, 59).

Macrophages can be polarized into classically activated macrophages

(M1) and alternatively activated macrophages (M2) in the immune

system, performing pro-inflammatory and anti-inflammatory

functions, respectively (59). When we used RAW263.7 macrophages

as an in vitro cell model to investigate the anti-inflammatory effect of

LETX-VI, we found that, although LETX-VI itself has no obvious

influence on the RAW264.7 cells, pretreatment of the macrophages

with LETX-VI mitigates or reverses LPS-induced increase in pro-

inflammatory factors including NO, iNOS, TNF-a and IL-6, and at the

same time alleviates the inhibitory effects of LPS on CD206 and Arg-1.

These results suggest that LETX-VI has a potential to reduce over-

production of free radicals and inhibit excessive inflammation, and thus

shows promising anti-inflammatory and neuroprotective effects,

because dysregulated neuroinflammation can result in altered

metabolism, increased demyelination, neuronal apoptosis, neuronal

autophagy and perturbed mitochondrial energetics that compromise

the functioning of nerve cells and ultimately cause their death (60, 61).

Besides, the inflammation induced experimentally in rodents can

reduce rates of neurogenesis, cause dendritic atrophy of pyramidal

neurons and alter density and stability of neuronal spines and synapses

(62, 63). In our present study, to confirm the neuroprotective effect of

LETX-VI, we employed RAW264.7 cell conditionedmedium to culture

PC12 cells, a commonly used neuron model. The results demonstrated

that the conditioned medium prepared with LPS treatment displayed

obvious adverse influence on the PC12 cells, and the conditioned

medium prepared with LETX-VI pretreatment before LPS application

showed much weaker influence on the PC12 cells. These results

have experimentally demonstrated that LETX-VI pretreatment

provides certain protection for neurons by inhibiting the

excessive inflammation.

NF-kB (p65-p50 heterodimer) is known to up-regulate the

expressions of cytokines, chemokines, inducible effectors enzymes,

etc, typically involved in immunity and inflammation. In resting

cells, the p65-p50 dimer is complexed with its inhibitor IkB, and
retained in the cytosol. IkB can be phosphorylated by IKK, a kinase for

IkB. Phosphorylation of IkB is followed by ubiquitination and
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degradation by proteasomes, releasing the p65-p50 heterodimer from

the inhibitory complex (64–66). The free heterodimer enters the

nucleus to bind to the specific sites on DNA via p65 and promotes

the expression of multiple inflammatory factors (50). P65 can also be

phosphorylized in both cytosol and nucleus in response to a variety of

stimuli (64, 67). Elevated level of phosphorylated P65 (p-p65) in the

nucleus is favorable for p65 binding to transcriptional coactivators and

promoting transcription (50). Thus, activation of NF-kB signaling

pathway is a key event in pro-inflammatory signal transduction, and

sustained hyper-activation of NF-kB dysregulates immune signaling

and inflammatory reactions (7). In addition, there are other proteins

synergizing with NF-kB to regulate the expression of inflammatory

factors. For example, Nurr1 exerts anti-inflammatory effects by

docking to NF-kB-p65 on target promoters of inflammatory genes

such as those for TNF-a and iNOS, and recruits the CoREST

corepressor complex to result in clearance of NF-kB-p65 and

transcriptional repression (9). Therefore, inhibition of the activation

of NF-kB signaling pathway and the expression of related proteins can

suppress expression of the genes for multiple inflammatory factors and

mitigate their adverse influence on neurons.

Our experimental results showed that LPS activates NF-kB
signaling pathway by promoting the phosphorylation of IkB and

p65, which is in consistence with the relevant reports (40, 68). LETX-

VI pretreatment inhibits LPS-induced NF-kB signaling pathway

activation by suppressing the phosphorylation of IkB and p65 and

thus inhibits LPS-induced inflammation. Besides, LETX-VI abolishes

the inhibitory effect of LPS on Nurr1 level, which is favorable for

Nurr1 to exert anti-inflammatory effects (9). These observations

demonstrate that the anti-inflammatory and neuroprotective effects

of LETX-VI involve the inhibition of NF-kB signaling pathway

activation and the regulation of other inflammation-related protein

expression. In addition, it is worthy of mentioning that we firstly

detected the potential cytotoxicity of LPS and LETX-VI, and the

results indicated that the cytotoxicity of LPS and LETX-VI at the

concentrations used in the present study toward the RAW264.7 cells

was limited, and their influences on the cells were primarily based on

their effects on the metabolic and regulatory processes.

Numerous reports have shown that administration of LPS in rats

or mice leads to sickness behaviors characterized by symptoms

including lethargy, decreased food intake, locomotor activity,

anhedonia, sleep disturbances, and increased sensitivity to pain.

Some of these symptoms are thought to be very similar to clinically

relevant symptoms of depression in humans (17, 69, 70). Therefore,

systemic administration of LPS is frequently used to study

inflammation-associated depression in rodents. Acute activation of

the peripheral or central innate immune system in laboratory animals

through the administration of LPS induces depressive-like behaviors,

as usually measured by forced swim test, tail suspension test and

sucrose preference test (25, 40, 71). When we utilized the LPS-

induced mouse model of depression to investigate the in vivo anti-

inflammation and anti-depression effects of LETX-VI, it was found

that intraperitoneal injection of LETX-VI before LPS administration

effectively alleviated LPS-induced decrease in sucrose preference and

reversed LPS-caused increase in the immobility periods during the

tail suspension and forced swimming tests, indicating the improving

effect of LETX-VI on the depressive behaviors.
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Considering the fact that acute systemic LPS administration

induces pro-inflammatory cytokine release and neuroinflammation

in the central nervous system (72, 73), we also detected the related

changes in brain tissues of depressionmodel mice treated with LPS and

LETX-VI. The results demonstrated that LETX-VI pretreatment, like

the situation in the in vitro experiments with macrophages, countered

LPS-induced changes in levels of the proteins related with

inflammation and neuroprotection. Immunofluorescent and Nissl

staining analyses further confirmed such counteractions of LETX-VI.

Particularly, immunofluorescent staining analysis demonstrated that

LETX-VI pretreatment prevented TH and dopaminergic neurons from

the adverse influence of LPS, suggesting that LETX-VI may promote

the synthesis and release of dopamine that is implicated in depression

and other dopamine-related diseases (33, 34). These results are

consistent with our previous reports that LETX-VI is able to enter

PC12 cells to promote the synthesis and release of dopamine (30, 31).

Taken together, our data demonstrate that application of LETX-

VI alone at the experimental concentrations has been shown not to

obviously influence RAW264.7 cells. However, pretreatment of the

macrophages with LETX-VI before LPS application promotes M1-to-

M2 phenotype shift, suppresses LPS-induced increase of pro-

inflammatory factors, including IL-6, TNF-a, NO and iNOS, and

alleviates the inhibitory effect of LPS on the expression of

antiinflammation-related proteins such as Arg-1 and Nurr1. The

anti-inflammation mechanism of LETX-VI involvs its inhibiting

LPS-evoked NF-kB signaling pathway activation. Owing to its

potent anti-inflammatory effects, LETX-VI is able to protect nerve

cells and prevent inflammation-related psychiatric disorders

including depression. Both in vitro and in vivo experiment results

consistently demonstrate the anti-inflammation and neuroprotection

effects of LETX-VI, which not only deepens our understanding of the

mechanism and action of LETX-VI, but also provides new clues for

the further researches including those on its potential applications in

the fields of neurology and medicine.
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19. Gárate I, Garcia-Bueno B, Madrigal JLM, Caso JR, Alou L, Gomez-Lus ML, et al.
Stress-induced neuroinflammation: role of the toll-like receptor-4 pathway. Biol
Psychiatry (1969) (2013) 73:32–43. doi: 10.1016/j.biopsych.2012.07.005

20. Xie D, He F, Wang X, Wang X, Jin Q, Jin J. Diverse krill lipid fractions
differentially reduce LPS-induced inflammatory markers in RAW264.7 macrophages.
In Vitro Foods (2021) 10:2887–901. doi: 10.3390/foods10112887

21. Jung HA, Jin SE, Ahn BR, Lee CM, Choi JS. Anti-inflammatory activity of edible
brown alga eisenia bicyclis and its constituents fucosterol and phlorotannins in LPS-
stimulated RAW264.7 macrophages. Food Chem Toxicol (2013) 59:199–206.
doi: 10.1016/j.fct.2013.05.061

22. Carlos M, Irene P, Miguel L, Matilde DA, Eva G, Ana V, et al. Anti-
inflammatory activity of methanolic extracts from edible mushrooms in LPS
activated RAW 264.7 macrophages. Food Chem (2011) 130:350–5.

23. Brustolim D, Ribeiro-dos-Santos R, Kast RE, Altschuler EL, Soares MB. A new
chapter opens in anti-inflammatory treatments: the antidepressant bupropion lowers
production of tumor necrosis factor-alpha and interferon-gamma in mice. Int
Immunopharmacol (2006) 6:903–7. doi: 10.1016/j.intimp.2005.12.007

24. Akhondzadeh S, Jafari S, Raisi F, Nasehi AA, Ghoreishi A, Salehi B, et al. Clinical
trial of adjunctive celecoxib treatment in patients with major depression: a double blind
and placebo controlled trial. Depress Anxiety (2009) 26:607–11. doi: 10.1002/da.20589

25. Liu Y, Hu P, Zheng Z, Zhong D, Xie W, Tang Z, et al. Photoresponsive vaccine-
like CAR-m system with high-efficiency central immune regulation for inflammation-
related depression. Adv Mater (2022) 34:e2108525. doi: 10.1002/adma.202108525

26. Perry VH, Nicoll JA, Holmes C. Microglia in neurodegenerative disease. Nat Rev
Neurol (2010) 6:193–201. doi: 10.1038/nrneurol.2010.17

27. Polazzi E, Monti B. Microglia and neuroprotection: from in vitro studies to
therapeutic applications. Prog Neurobiol (2010) 92:293–315. doi: 10.1016/
j.pneurobio.2010.06.009
Frontiers in Immunology 16
28. Garrido-Mesa N, Zarzuelo A, Galvez J. Minocycline: far beyond an antibiotic. Br
J Pharmacol (2013) 169:337–52. doi: 10.1111/bph.12139

29. Tomas-Camardiel M, Rite I, Herrera AJ, de Pablos RM, Cano J, Machado A,
et al. Minocycline reduces the lipopolysaccharide-induced inflammatory reaction,
peroxynitrite-mediated nitration of proteins, disruption of the blood-brain barrier,
and damage in the nigral dopaminergic system. Neurobiol Dis (2004) 16:190–201.
doi: 10.1016/j.nbd.2004.01.010

30. Tang X, Yu D, Wang H, Lei Z, Zhai Y, Sun M, et al. Synaptotagmin 1-mediated
cell membrane penetration and dopamine release enhancement by latroeggtoxin-VI.
Int J Biol Macromol (2022) 216:906–15. doi: 10.1016/j.ijbiomac.2022.07.208

31. Yan S, Tang X, Yu D, Wang H, Meng W, Tang P, et al. [Gene cloning,
heterologous expression and activity identification of latroeggtoxin-VI]. Sheng Wu
Gong Cheng Xue Bao (2021) 37:635–45. doi: 10.13345/j.cjb.200245

32. Tang X, Yu D, Wang H, Meng W, Zhai Y, Lei Z, et al. Pull-down assay-guided
insights into the effects of latroeggtoxin-VI on nerve cells. Toxins (Basel) (2021)
13:136–49. doi: 10.3390/toxins13020136

33. Grace AA. Dysregulation of the dopamine system in the pathophysiology of
schizophrenia and depression. Nat Rev Neurosci (2016) 17:524–32. doi: 10.1038/
nrn.2016.57

34. German CL, Baladi MG, McFadden LM, Hanson GR, Fleckenstein AE.
Regulation of the dopamine and vesicular monoamine transporters: pharmacological
targets and implications for disease. Pharmacol Rev (2015) 67:1005–24. doi: 10.1124/
pr.114.010397

35. Felger JC. The role of dopamine in inflammation-associated depression:
mechanisms and therapeutic implications. Curr Top Behav Neurosci (2017) 31:199–
219. doi: 10.1007/7854_2016_13

36. Laemmli UK. Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature (1970) 227:680–5. doi: 10.1038/227680a0

37. O’Connor JC, Lawson MA, Andre C, Moreau M, Lestage J, Castanon N, et al.
Lipopolysaccharide-induced depressive-like behavior is mediated by indoleamine 2,3-
dioxygenase activation in mice. Mol Psychiatry (2009) 14:511–22. doi: 10.1038/
sj.mp.4002148

38. Frenois F, Moreau M, O’Connor J, Lawson M, Micon C, Lestage J, et al.
Lipopolysaccharide induces delayed FosB/DeltaFosB immunostaining within the
mouse extended amygdala, hippocampus and hypothalamus, that parallel the
expression of depressive-like behavior. Psychoneuroendocrino (2007) 32:516–31.
doi: 10.1016/j.psyneuen.2007.03.005

39. Lawson MA, Parrott JM, McCusker RH, Dantzer R, Kelley KW, O’Connor JC.
Intracerebroventricular administration of lipopolysaccharide induces indoleamine-2,3-
dioxygenase-dependent depression-like behaviors. J Neuroinflamm (2013) 10:87–96.
doi: 10.1186/1742-2094-10-87

40. Wang Z, Zhang Q, Yuan L, Wang S, Liu L, Yang X, et al. The effects of curcumin
on depressive-like behavior in mice after lipopolysaccharide administration. Behav
Brain Res (2014) 274:282–90. doi: 10.1016/j.bbr.2014.08.018

41. Liu MY, Yin CY, Zhu LJ, Zhu XH, Xu C, Luo CX, et al. Sucrose preference test
for measurement of stress-induced anhedonia in mice. Nat Protoc (2018) 13:1686–98.
doi: 10.1038/s41596-018-0011-z

42. Henry CJ, Huang Y, Wynne A, Hanke M, Himler J, Bailey MT, et al.
Minocycline attenuates lipopolysaccharide (LPS)-induced neuroinflammation,
sickness behavior, and anhedonia. J Neuroinflamm (2008) 5:15–29. doi: 10.1186/
1742-2094-5-15

43. Steru L, Chermat R, Thierry B, Simon P. The tail suspension test: a new method
for screening antidepressants in mice. Psychopharmacology (1985) 85:367–70.
doi: 10.1007/BF00428203

44. Wang Z, Gu J, Wang X, Xie K, Luan Q, Wan N, et al. Antidepressant-like
activity of resveratrol treatment in the forced swim test and tail suspension test in mice:
the HPA axis, BDNF expression and phosphorylation of ERK. Pharmacol Biochem
Behav (2013) 112:104–10. doi: 10.1016/j.pbb.2013.10.007

45. Li GW, Li J, Feng XY, Chen H, Chen Y, Liu JH, et al. Pancreatic acinar cells
utilize tyrosine to synthesize l-dihydroxyphenylalanine. Exp Biol Med (Maywood)
(2021) 246:2533–42. doi: 10.1177/15353702211032552

46. Parfitt GJ. Immunofluorescence tomography: high-resolution 3-d
reconstruction by serial-sectioning of methacrylate embedded tissues and alignment
of 2-d immunofluorescence images. Sci Rep (2019) 9:1992–2001. doi: 10.1038/s41598-
018-38232-9

47. Cheng J, Shen W, Jin L, Pan J, Zhou Y, Pan G, et al. Treadmill exercise promotes
neurogenesis and myelin repair via upregulating wnt/betacatenin signaling pathways in
the juvenile brain following focal cerebral ischemia/reperfusion. Int J Mol Med (2020)
45:1447–63. doi: 10.3892/ijmm.2020.4515

48. Qin H, Qin J, Hu J, Huang H, Ma L. Malva sylvestris attenuates cognitive deficits
in a repetitive mild traumatic brain injury rat model by reducing neuronal degeneration
and astrocytosis in the hippocampus. Med Sci monitor: Int Med J Exp Clin Res (2017)
23:6099–106. doi: 10.12659/msm.905429

49. Evans BC, Nelson CE, Yu SS, Beavers KR, Kim AJ, Li H, et al. Ex vivo red blood
cell hemolysis assay for the evaluation of pH-responsive endosomolytic agents for
cytosolic delivery of biomacromolecular drugs. J Vis Exp (2013) 73:e50166.
doi: 10.3791/50166
frontiersin.org

https://doi.org/10.1016/0278-5846(93)90045-t
https://doi.org/10.1016/0278-5846(93)90045-t
https://doi.org/10.1016/0278-5846(94)00101-m
https://doi.org/10.1016/0278-5846(94)00101-m
https://doi.org/10.1111/j.1365-3083.1995.tb03604.x
https://doi.org/10.1016/s0165-1781(96)02783-7
https://doi.org/10.3390/cells10061548
https://doi.org/10.1016/j.psyneuen.2011.07.002
https://doi.org/10.1016/j.cell.2009.01.038
https://doi.org/10.1212/wnl.42.2.447
https://doi.org/10.1146/annurev.neuro.22.1.219
https://doi.org/10.1146/annurev.neuro.22.1.219
https://doi.org/10.3390/cells10051195
https://doi.org/10.1038/npp.2011.132
https://doi.org/10.1002/hup.1103
https://doi.org/10.1097/PSY.0b013e3181907c1b
https://doi.org/10.1016/j.neuropharm.2011.08.018
https://doi.org/10.1016/j.jpsychires.2013.06.008
https://doi.org/10.1016/j.jpsychires.2013.06.008
https://doi.org/10.1016/j.pnpbp.2013.07.009
https://doi.org/10.1016/j.pnpbp.2013.07.009
https://doi.org/10.1016/j.biopsych.2012.07.005
https://doi.org/10.3390/foods10112887
https://doi.org/10.1016/j.fct.2013.05.061
https://doi.org/10.1016/j.intimp.2005.12.007
https://doi.org/10.1002/da.20589
https://doi.org/10.1002/adma.202108525
https://doi.org/10.1038/nrneurol.2010.17
https://doi.org/10.1016/j.pneurobio.2010.06.009
https://doi.org/10.1016/j.pneurobio.2010.06.009
https://doi.org/10.1111/bph.12139
https://doi.org/10.1016/j.nbd.2004.01.010
https://doi.org/10.1016/j.ijbiomac.2022.07.208
https://doi.org/10.13345/j.cjb.200245
https://doi.org/10.3390/toxins13020136
https://doi.org/10.1038/nrn.2016.57
https://doi.org/10.1038/nrn.2016.57
https://doi.org/10.1124/pr.114.010397
https://doi.org/10.1124/pr.114.010397
https://doi.org/10.1007/7854_2016_13
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/sj.mp.4002148
https://doi.org/10.1038/sj.mp.4002148
https://doi.org/10.1016/j.psyneuen.2007.03.005
https://doi.org/10.1186/1742-2094-10-87
https://doi.org/10.1016/j.bbr.2014.08.018
https://doi.org/10.1038/s41596-018-0011-z
https://doi.org/10.1186/1742-2094-5-15
https://doi.org/10.1186/1742-2094-5-15
https://doi.org/10.1007/BF00428203
https://doi.org/10.1016/j.pbb.2013.10.007
https://doi.org/10.1177/15353702211032552
https://doi.org/10.1038/s41598-018-38232-9
https://doi.org/10.1038/s41598-018-38232-9
https://doi.org/10.3892/ijmm.2020.4515
https://doi.org/10.12659/msm.905429
https://doi.org/10.3791/50166
https://doi.org/10.3389/fimmu.2023.1171351
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2023.1171351
50. Giridharan S, Srinivasan M. Mechanisms of NF-kappaB p65 and strategies
for therapeutic manipulation. J Inflamm Res (2018) 11:407–19. doi: 10.2147/
JIR.S140188

51. Oeckinghaus A, Ghosh S. The NF-kappaB family of transcription factors and its
regulation. Cold Spring Harb Perspect Biol (2009) 1:a34. doi: 10.1101/
cshperspect.a000034

52. Cutolo M, Campitiello R, Gotelli E, Soldano S. The role of M1/M2 macrophage
polarization in rheumatoid arthritis synovitis. Front Immunol (2022) 13:867260.
doi: 10.3389/fimmu.2022.867260

53. Daubner SC, Le T, Wang S. Tyrosine hydroxylase and regulation of dopamine
synthesis. Arch Biochem Biophys (2011) 508:1–12. doi: 10.1016/j.abb.2010.12.017

54. Tabrez S, Jabir NR, Shakil S, Greig NH, Alam Q, Abuzenadah AM, et al. A
synopsis on the role of tyrosine hydroxylase in parkinson’s disease. CNS Neurol Disord
Drug Targets (2012) 11:395–409. doi: 10.2174/187152712800792785

55. Miller AH, Raison CL. The role of inflammation in depression: from
evolutionary imperative to modern treatment target. Nat Rev Immunol (2016)
16:22–34. doi: 10.1038/nri.2015.5

56. Tang Y, Le W. Differential roles of M1 and M2 microglia in neurodegenerative
diseases. Mol Neurobiol (2016) 53:1181–94. doi: 10.1007/s12035-014-9070-5

57. Babcock AA, Kuziel WA, Rivest S, Owens T. Chemokine expression by glial cells
directs leukocytes to sites of axonal injury in the CNS. J Neurosci (2003) 23:7922–30.
doi: 10.1523/JNEUROSCI.23-21-07922.2003

58. Navegantes KC, de Souza GR, Pereira P, Czaikoski PG, Azevedo C, Monteiro
MC. Immune modulation of some autoimmune diseases: the critical role of
macrophages and neutrophils in the innate and adaptive immunity. J Transl Med
(2017) 15:36–57. doi: 10.1186/s12967-017-1141-8

59. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2 macrophages and
the Th1/Th2 paradigm. J Immunol (2000) 164:6166–73. doi: 10.4049/
jimmunol.164.12.6166

60. Chitnis T, Weiner HL. CNS inflammation and neurodegeneration. J Clin Invest
(2017) 127:1–11. doi: 10.1172/JCI90609

61. Wyss-Coray T, Mucke L. Inflammation in neurodegenerative disease–a double-
edged sword. Neuron (2002) 35:419–32. doi: 10.1016/s0896-6273(02)00794-8
Frontiers in Immunology 17
62. Solano FR, Mahesula S, Apple DM, Raghunathan R, Dugan A, Cardona A, et al.
Neurogenic niche microglia undergo positional remodeling and progressive activation
contributing to age-associated reductions in neurogenesis. Stem Cells Dev (2016)
25:542–55. doi: 10.1089/scd.2015.0319

63. Jurgens HA, Amancherla K, Johnson RW. Influenza infection induces
neuroinflammation, alters hippocampal neuron morphology, and impairs cognition
in adult mice. J Neurosci (2012) 32:3958–68. doi: 10.1523/JNEUROSCI.6389-11.2012

64. Christian F, Smith EL, Carmody RJ. The regulation of NF-kappaB subunits by
phosphorylation. Cells-Basel (2016) 5:12–31. doi: 10.3390/cells5010012

65. Chen LF, Greene WC. Shaping the nuclear action of NF-kappaB. Nat Rev Mol
Cell Biol (2004) 5:392–401. doi: 10.1038/nrm1368

66. Collins PE, Mitxitorena I, Carmody RJ. The ubiquitination of NF-kappaB
subunits in the control of transcription. Cells (2016) 5:23–50. doi: 10.3390/cells5020023

67. Huang B, Yang XD, Lamb A, Chen LF. Posttranslational modifications of NF-
kappaB: another layer of regulation for NF-kappaB signaling pathway. Cell Signal
(2010) 22:1282–90. doi: 10.1016/j.cellsig.2010.03.017

68. Zong F, Li S, Wang Y, Xiao N, DengM, Zhang Z, et al. Csf2ra deletion attenuates
acute lung injuries induced by intratracheal inoculation of aerosolized ricin in mice.
Front Immunol (2022) 13:900755. doi: 10.3389/fimmu.2022.900755

69. Mousavi SE, Saberi P, Ghasemkhani N, Fakhraei N, Mokhtari R, Dehpour AR.
Licofelone attenuates LPS-induced depressive-like behavior in mice: a possible role for
nitric oxide. J Pharm Pharm Sci (2018) 21:184–94. doi: 10.18433/jpps29770

70. Hart BL. Biological basis of the behavior of sick animals. Neurosci Biobehav Rev
(1988) 12:123–37. doi: 10.1016/s0149-7634(88)80004-6

71. Ali T, Rahman SU, Hao Q, Li W, Liu Z, Ali SF, et al. Melatonin prevents
neuroinflammation and relieves depression by attenuating autophagy impairment
through FOXO3a regulation. J Pineal Res (2020) 69:e12667. doi: 10.1111/jpi.12667

72. Puntener U, Booth SG, Perry VH, Teeling JL. Long-term impact of systemic
bacterial infection on the cerebral vasculature and microglia. J Neuroinflamm (2012)
9:146–59. doi: 10.1186/1742-2094-9-146

73. Biesmans S, Meert TF, Bouwknecht JA, Acton PD, Davoodi N, De Haes P, et al.
Systemic immune activation leads to neuroinflammation and sickness behavior in
mice. Mediators Inflamm (2013) 2013:271359. doi: 10.1155/2013/271359
frontiersin.org

https://doi.org/10.2147/JIR.S140188
https://doi.org/10.2147/JIR.S140188
https://doi.org/10.1101/cshperspect.a000034
https://doi.org/10.1101/cshperspect.a000034
https://doi.org/10.3389/fimmu.2022.867260
https://doi.org/10.1016/j.abb.2010.12.017
https://doi.org/10.2174/187152712800792785
https://doi.org/10.1038/nri.2015.5
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.1523/JNEUROSCI.23-21-07922.2003
https://doi.org/10.1186/s12967-017-1141-8
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.1172/JCI90609
https://doi.org/10.1016/s0896-6273(02)00794-8
https://doi.org/10.1089/scd.2015.0319
https://doi.org/10.1523/JNEUROSCI.6389-11.2012
https://doi.org/10.3390/cells5010012
https://doi.org/10.1038/nrm1368
https://doi.org/10.3390/cells5020023
https://doi.org/10.1016/j.cellsig.2010.03.017
https://doi.org/10.3389/fimmu.2022.900755
https://doi.org/10.18433/jpps29770
https://doi.org/10.1016/s0149-7634(88)80004-6
https://doi.org/10.1111/jpi.12667
https://doi.org/10.1186/1742-2094-9-146
https://doi.org/10.1155/2013/271359
https://doi.org/10.3389/fimmu.2023.1171351
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Latroeggtoxin-VI protects nerve cells and prevents depression by inhibiting NF-κB signaling pathway activation and excessive inflammation
	1 Introduction
	2 Materials and methods
	2.1 Preparation of recombinant LETX-VI
	2.2 Cell culture and determination of the cytotoxicity of LETX-VI and LPS toward RAW264.7 cells
	2.3 Assay of NO released from RAW264.7 cells
	2.4 ELISA analyses of IL-6 and TNF-α
	2.5 Western blot analysis
	2.6 Development of LPS-induced depression mouse model and detection of anti-depressive effects of LETX-VI
	2.6.1 Sucrose preference test
	2.6.2 Tail suspension test
	2.6.3 Forced swimming test

	2.7 Immunofluorescent staining
	2.8 Nissl staining
	2.9 Assay of hemolysis and blood biochemical indexes
	2.10 Statistical analysis

	3 Results
	3.1 Cytotoxicity of LETX-VI and LPS toward RAW264.7 cells
	3.2 Inhibitory effects of LETX-VI on LPS-induced production of pro-inflammation factors
	3.2.1 Appropriate concentration of LPS to induce pro-inflammation factor production
	3.2.2 LETX-VI decreases LPS-induced NO production
	3.2.3 LETX-VI abates LPS-induced upregulation of iNOS
	3.2.4 LETX-VI reduces LPS-induced IL-6 production
	3.2.5 LETX-VI decreases LPS-induced TNF-α production

	3.3 LETX-VI abates LPS-induced inflammation by suppressing NF-κB signaling pathway activation caused by LPS
	3.4 Effects of LPS and LETX-VI on the levels of M2 macrophage markers
	3.5 LETX-VI protects PC12 cells by inhibiting LPS-induced inflammation
	3.5.1 LETX-VI attenuates the effects of LPS-induced inflammation on the viability, TH and Nurr1 of PC12 cells
	3.5.2 LETX-VI mitigates the induction effect of LPS-induced inflammation on apoptosis

	3.6 LETX-VI attenuates LPS-induced depression in the depression mouse model
	3.6.1 LETX-VI improves depressive behaviors of depression model mice
	3.6.2 Western blot analysis of the effects of LETX-VI on proteins in mouse brain tissues
	3.6.3 Effects of LPS and LETX-VI on the body weight of mice
	3.6.4 Immunofluorescent and Nissl staining analyses of LETX-VI abating the adverse effects of LPS on mouse brain cells and proteins

	3.7 Safety assessment of the application of LETX-VI to mice

	4 Discussion
	Data availability statement
	Ethics statement
	Authors contributions
	Funding
	Supplementary material
	References


