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Abstract

Neuroinflammation has emerged as a crucial factor in the development of depression. Despite the well-known anti-
inflammatory properties of 6-gingerol, its potential impact on depression remains poorly understood. This study aimed
to investigate the antidepressant effects of 6-gingerol by suppressing microglial activation. In vivo experiments were
conducted to evaluate the effect of 6-gingerol on lipopolysaccharide (LPS)-induced behavioral changes and neuroinflam-
mation in rat models. In vitro studies were performed to examine the neuroprotective properties of 6-gingerol against
LPS-induced microglial activation. Furthermore, a co-culture system of microglia and neurons was established to assess
the influence of 6-gingerol on the expression of synaptic-related proteins, namely synaptophysin (SYP) and postsynaptic
density protein 95 (PSD95), which are influenced by microglial activation. In the in vivo experiments, administration of
6-gingerol effectively alleviated LPS-induced depressive behavior in rats. Moreover, it markedly suppressed the activation
of rat prefrontal cortex (PFC) microglia induced by LPS and the activation of the NF-kB/NLRP3 inflammatory pathway,
while also reducing the levels of inflammatory cytokines IL-1p and IL-18. In the in vitro experiments, 6-gingerol mitigated
nuclear translocation of NF-kB p65, NLRP3 activation, and maturation of IL-1f and IL-18, all of which were induced by
LPS. Furthermore, in the co-culture system of microglia and neurons, 6-gingerol effectively restored the decreased expres-
sion of SYP and PSD95. The findings of this study demonstrate the neuroprotective effects of 6-gingerol in the context of
LPS-induced depression-like behavior. These effects are attributed to the inhibition of microglial hyperactivation through
the suppression of the NF-kxB/NLRP3 inflammatory pathway.
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Introduction

Mental health is a global concern that can significantly
impede the normal daily functions of an individual (Wain-
berg et al. 2017). Depression, which is the most prevalent
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incapacitating mental disorder, is marked by a lack of inter-
est in activities, low energy and motivation, disrupted sleep
and eating habits, low self-worth, and even suicidal tenden-
cies, resulting in a considerable global health and economic
burden (Kdnig et al. 2019; Konnopka and Koénig 2020). The
World Health Organization reports that depression has a
global impact on more than 350 million individuals, with
only half of cases achieving full remission through antide-
pressant therapy and a lifetime prevalence of 10.8% (Lim et
al. 2022; Johnston et al. 2019). Consequently, it is crucial
to acquire a comprehensive comprehension of depression’s
pathophysiology and to develop efficacious treatments.
Nevertheless, effective solutions remain elusive.

Research suggests that the prefrontal cortex (PFC) may
play a pivotal role in depression (Pan et al. 2014). Indi-
viduals with depression exhibit a decrease in PFC volume
compared to those who are healthy (Drevets et al. 2008).
Microglia, which are the resident macrophages of the central
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nervous system, serve as the primary immune defense in the
brain. Evidence suggests that depression may be a disease
associated with microglial cells, wherein microglia in the
PFC undergo a transformation from a quiescent to an acti-
vated state in response to chronic stress stimulation (Smith
et al. 2016). The activation of microglia and subsequent
production and secretion of cytokines and other inflamma-
tory mediators, particularly pro-inflammatory cytokines,
play a crucial role in neurological inflammation and may
be implicated in the pathophysiology of depression (Bachil-
ler et al. 2018; Maes et al. 2011; Yirmiya et al. 2015). The
escalation of pro-inflammatory cytokines in both plasma
and cerebrospinal fluid can exacerbate the progression and
severity of depression (Young et al. 2014). The escalation of
pro-inflammatory factors derived from microglia may incite
neuroinflammation, which in turn may intensify neuronal
harm, thereby augmenting the likelihood of developing
depression.

The activation of microglia and the occurrence of neu-
roinflammation are closely linked to the development of
depression, whereby interleukin 1p (IL-1B) is a significant
proinflammatory cytokine responsible for microglia acti-
vation and neuroinflammation (Ge et al. 2020). Patients
undergoing antidepressant treatment have been observed to
exhibit a reduction in depressive symptoms, which is asso-
ciated with a decrease in cortical IL-1f levels (Zhang et al.
2016). Therefore, IL-1p is considered to be a crucial factor
in the pathogenesis of depression. The Nucleotide-binding
oligomerization structural domain-like receptor protein 3
(NLRP3) inflammatory vesicles are fundamental proteins
within the NLRs family (Choi and Ryter 2014). These
vesicles can be stimulated by diverse inflammatory signals,
resulting in the maturation of Caspase-1 and the processing
of its substrates, namely IL-1f and IL-18, ultimately ini-
tiating an inflammatory response (Lemprie¢re 2020; Nazar-
ian-Samani et al. 2020). According to recent research, the
presence of NLRP3 inflammatory vesicles has been linked
to depression caused by stress (Iwata et al. 2013). There-
fore, targeting NLRP3 may hold promise as a therapeutic
approach for depression.

The phenols of 6-Gingerol (6-Gin) exhibit robust anti-
inflammatory and antioxidant characteristics, as well as
demonstrate antitumor, anti-biofilm, and antiviral activities.
The primary bioactive component of phenolic compounds
in ginger is 6-Gin, as evidenced by research (Gravina et al.
2020; Han et al. 2019, 2020). Furthermore, studies have
shown that 6-Gin can mitigate neonatal hypoxic-ischemic
brain injury, restore brain function by reducing neuronal
apoptosis and release of pro-inflammatory factors (Zhao
et al. 2021), and inhibit scopolamine-induced behavioral
changes and memory impairment in mice, with neuropro-
tective effects (Kim et al. 2018). However, the efficacy of
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6-Gin in mitigating depression and its underlying mecha-
nism of action remain ambiguous.

The objective of the current study was to assess the
effects of 6-Gin on changes in inflammatory markers in the
PFC in a depression model through in vivo experiments.
Additionally, we investigated the impact of 6-Gin on fac-
tors linked to microglial pathways, neuronal viability, and
synaptic alterations in vitro. Ultimately, this investigation
aimed to provide empirical evidence supporting the use of
6-Gin as a treatment and intervention for depression.

Materials and Methods
Animal and Treatment

The animal experiments conducted in this study were
executed in accordance with the general regulations estab-
lished by the National Institutes of Health (NIH) and were
sanctioned by the Animal Experimental Ethics Committee
of Shantou University Medical College (approval num-
ber: 2013-010). Epidemiological surveys have indicated a
greater incidence of depression in females relative to males
(Thériault and Perreault 2019), thereby prompting the
investigation of the pathogenesis of depression in female
rats as the primary objective of this study. Female Wistar
rats weighing 220420 g, bred under specific pathogen-
free (SPF) conditions, were procured from Jinan Peng Yue
Animal Experimental Center (scxk (Lu) 20,140,007, Jinan,
Shandong, China). The rats were housed in a controlled
environment with a 12-hour day/night light cycle at 25 °C
and provided with ad libitum access to food and water prior
to the commencement of the experiments. The rats were
allocated randomly into four groups (n=10 per group):
control, 6-Gin, LPS, and LPS + 6-Gin groups. The rats in
the 6-Gin and LPS + 6-Gin groups were administered 6-Gin
(Sigma, USA) orally at a dose of 50 mg/kg once daily for 14
consecutive days (Li et al. 2017), while the rats in the LPS
and LPS + 6-Gin groups were given LPS (Sigma, USA) via
intraperitoneal injection at a dose of 500 pg/kg every 2 days
for a total of seven injections (Jiang et al. 2017; Dang et al.
2018). The control group received the same dosage of PBS.
The experimental design is illustrated in Fig. 1.

Behavioral Assays

The behavioral experiments were conducted in a random-
ized double-blind manner, with the rats being allowed to
acclimate to the experimental area for a minimum of 30 min
prior to testing.
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Fig. 1 Experimental procedures and timeline

Open Field Test

During exploration tests, rats were introduced into a
100 x 100 cm? testing arena for a duration of 5 min. To doc-
ument and evaluate the exploratory trajectories, distances
covered during movement, and duration spent in the inter-
mediate region, a SMART video tracking system (SMART
v3.0, Panlab, Spain) was utilized. Ethanol was employed to
meticulously clean the facility between experiments involv-
ing two rats.

Novelty-suppressed Feeding Test

The current investigation employed the Novelty-Suppressed
Feeding Test (NSFT) to assess the behavioral reactions of
rats in a state of food deprivation. A test chamber of stan-
dardized dimensions measuring 50 x 50 cm?, containing a
2-cm-thick layer of wood chips on the floor, was utilized.
The center of the chamber was positioned on a white paper
base. Prior to the test, the animals underwent a 24-hour
fast. Following this, the rats were introduced into the test
box through multiple entry points and their behavior was
observed for a duration of 5 min using the SMART video
tracking system. The behavioral parameters, including
activity trajectory, frequency, and duration of food area
entries, were meticulously documented.

Forced Swimming Test

The rats were situated within a Plexiglas cylinder with
dimensions of 45 cm in height and 25 cm in diameter, filled
with approximately 35 cm of water (24 +1 °C), for 5 min.
Their behavior was recorded using a video camera, and
the duration of immobility was subsequently analyzed and
quantified.

LPS

Sacrificed

10 11 12 13 14

1

LPS LPS

Cell Culture and Processing

BV2 microglial cell line, obtained from the Institute of Cell
Biology, Chinese Academy of Sciences (Shanghai, China),
was cultured in DMEM high glucose medium (10% fetal
bovine serum, 100 U/ml penicillin and 100 pg/ml strep-
tomycin) at 5% CO, and 37 °C. Following a pretreatment
period of 15 min with 100 uM 6-Gin, a co-culture of neu-
rons and microglia was established. Subsequently, microg-
lia were subjected to a 24-hour treatment with LPS at a
concentration of 1 pg/mL.

Cortical tissues from neonatal mice within 24 h of birth
was subjected to isolation and enzymatic digestion using
0.125% EDTA-trypsin (Gibco, USA) for 10 min at 37 °C.
The resulting cell suspension was subjected to filtration and
centrifugation at 1000 rpm for 5 min, and the supernatant
was discarded while the pellet was resuspended. The plates
were then seeded with the obtained cell suspension at 1 x 10°
cells/ml density for 6 hours in serum-free Neurobasal plus
system medium(A3653401, Gibco, USA) containing 2%
B27. After 7 days of incubation, neurons were co-cultured
with microglia, which were added to the upper chamber
with a 0.4 pm Transwell chamber (3414, COSTAR, USA).

Cell Viability Test

Cell viability was quantified using the CCK-8 kit (Beijing
Solarbio Science&Technology Inc, China). Briefly, 100 pL
of the cell suspension was seeded onto a 96-well plate at a
concentration of 5000 BV2 cells per well, was incubated at
37 °C, and treated with 0, 4, 20, 100, 500 or 2500 uM 6-Gin
for 24 h or with 100 pM 6-Gin for 24 h, 36 h, 48 h, 60 h, or
72 h. The optical density was measured at 450 nm using a
microtiter plate reader.
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Enzyme-linked Immunosorbent Assay (ELISA)
Analysis

The protein levels of IL-1p and IL-18 in the PFC of rats and
BV2 cells were detected using relevant ELISA kits (Shang-
hai Westang Biotech Inc, China) based on the manufactur-
er’s instructions. The concentrations were calculated based
on OD values at 450 nm and their corresponding standard
curves.

Western Blotting Analysis

Protein samples extracted from rat PFC, BV2 cells and neu-
rons were separated by gel electrophoresis and transferred
onto a PVDF membrane(FFP39, Beyotime, China). The
membrane was subsequently blocked with 5% skimmed
milk for 2 h at room temperature and incubated overnight at
4 °C with specific primary antibodies, including rabbit anti-
NLRP3 (1:200, Abcam, USA), rabbit anti-Caspasel (1:200,
Abcam, USA), rabbit anti-NF-xb (1:500, Cell Signaling
Technology, USA), rabbit anti-Synaptophysin (1:20000,
Abcam, USA), rabbit anti-PSD95 (1:1000, Cell Signaling
Technology, USA), and mouse anti-GAPDH (1:2000, Pro-
teintech, USA) antibodies. After three rinses with TBST,
the membrane was incubated with HRP-conjugated goat-
anti-mouse IgG or goat-anti-rabbit IgG (1:2000, Millipore,
China) at ambient temperature for 2 h. The protein bands
were visualized by ECL (BIO-RAD, USA) chemilumines-
cence and quantified using a chemiluminescence gel imag-
ing system (12,003,153, BIO-RAD, USA) and Image-Pro
Plus software.

Real-time Quantitative PCR (RT-qPCR) Analysis

Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA,
USA) was used to extract the total RNA of the Rat PFC
and BV2 cells. The 1st strand cDNA was synthesized using

Table 1 Sequences of primers used for RT-qPCR

Species Target Forward Primer Reverse Primer
(5°-3) (5°-3%)

Rat Caspasel ~ ACACGTCTTGCC GGCAGGCAGC
CTCATTATC AAATTCTTTC

Rat Nirp3 CACCCAAGGAGG GTGCTGAGAC
AAGAAGAAG TTGAGAAGA

GAC

Rat Nf-xb GATGTCAACAGA GTCATAGCTC
GTAACCTACC TCCTCATCCT

Rat Gapdh GCCTCCAAGGAG GTCTGGGATG
TAAGAAAC GAATTGTGAG

Mouse Asc GTGCTTAGAGA  CATCCAGCA
CATGGGCTTAC CTCCGTCCAC
AGG TTCT

Mouse Gapdh AACAGCAACTCC CCTGTTGCTG
CACTCTTC TAGCCGTATT
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a commercial kit (Sangon, Shanghai, China) following the
supplier’s instructions. RT-qPCR analyses were conducted
based on SYBR Green dye in a 20 pL reaction system con-
taining 10 puL premix (Ssofast, Bio-rad, CA, USA), 10 uM
primers for each, deionized water, and approximately 50
ng cDNA. The RT-qPCR amplification protocol involves
an initial denaturation step at 95 °C for 30 s, followed by
40 cycles of denaturation at 95 °C for 5 s and annealing/
extension at 60°C for 30 s, concluding with a melting curve
analysis. The relative mRNA levels of Caspase-1, NLRP3,
Nf-kb, Asc were calculated by the 27*ACT method and nor-
malized by B-actin. The primer sequences used in the pres-
ent work were presented in Table 1.

Immunohistochemistry

Rats were anesthetized and were transcardially perfused
with 50 mL 0.9% saline and 50 mL 4% paraformaldehyde
(0.1 M PBS as a solvent, pH=7.4) successively. After per-
fusion, the brain tissues were collected, serially immersed in
20, 25 and 30% sucrose solution, and preserved at 4 °C. The
brain tissue was then embedded in the Tissue Tek O.C.T.
compound (Sakura Finetek, USA), and the continuous coro-
nal slices (15 pm) were prepared for immunofluorescence.

The slices were immersed in a 0.01 M of citrate buffer
solution, with a volume of 200 mL (pH=6.0) at 95 °C for
a duration of 1 h for antigen retrieval after being washed
three times using PBS. After blocking using 10% goat
serum, slices were incubated overnight at 4 °C with mouse
anti-Ibal antibody (1:100, Abcam, Boston, USA). Then, the
slices were incubated with Alexa488-conjugated anti-mouse
antibody (1:200, Invitrogen, Grand Island, NY, USA).
Afterward, the slices were stained with a Hoechst mixture
(Beijing Solarbio Science). Images were captured utilizing
laser confocal microscopy (SP8, Leica, Mannheim, Ger-
many) and analyzed by Image-Pro Plus software (version
6.0, Media Cybernetics Inc, Rockville, MD). Five images
with high magnification were taken for the quantification of
each sample.

Immunocytochemistry

Terminal Deoxynucleotidyl Transferase-mediated dUTP
Nick-end Labeling (TUNEL)

BV2 cells were subjected to individual cultivation, followed
by treatment with cold phosphate-buffered saline (PBS) and
fixation with paraformaldehyde. After being blocked in
10% goat serum for 1 h, cells were incubated with TUNEL
(Roche, DE) reaction solution according to the manufactur-
er’s instructions. Then Hoechst staining and anti-quenching
mounting were performed successively. The slices were
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investigated by laser confocal microscopy and analyzed
by Image-Pro Plus software. Five representative images of
each sample were selected for analysis.

Immunocytochemical Staining

BV2 cells were treated with 4% paraformaldehyde for
15 min. After washing three times with PBS, the cells were
blocked with sheep serum and incubated overnight at 4 °C
with rabbit anti-mouse NF-xb p65 antibody (1:100, Cell
Signaling Technology, USA). Secondary antibodies were
then added and incubated for 1 h. Color development was
undertaken using DAB. Microscopic observation was per-
formed after sealing of cells with neutral gum. Five repre-
sentative images of each sample were selected for analysis.

BV2 or neuronal cells were collected, washed with cold
PBS, and fixed in paraformaldehyde for immunofluores-
cence staining. The cells were then blocked with 10% goat
serum and incubated with primary antibodies. BV2 cells
were incubated with mouse anti-Ibal antibody (1:100, Bos-
ton, USA). Neuronal cells were incubated with a mixture
of mouse anti-MAP2 (1:150, Abcam, USA) and either rab-
bit anti-synaptophysin (1:200, Abcam, USA) or rabbit anti-
PSD95 (1:200, Abcam, USA) antibodies overnight. BV2
cells were incubated with Alexa488-conjugated anti-mouse
antibody (1:200, Invitrogen, Grand Island, NY, USA), while
neurons were incubated with a mixture of Alexa488-conju-
gated anti-mouse antibody (1:200, Invitrogen, Grand Island,
NY, USA) and Alexa594-conjugated anti-rabbit antibodies
(1:200, Invitrogen, Grand Island, NY, USA). Afterward,
cells were stained with a Hoechst mixture (Beijing Solar-
bio Science). Images were captured utilizing laser confo-
cal microscopy (SP8, Leica, Mannheim, Germany) and
analyzed by Image-Pro Plus software (version 6.0, Media
Cybernetics Inc, Rockville, MD). Five images with high
magnification were taken for the quantification of each
sample.

Statistical Analysis

Statistical analyses were conducted using SPSS software
(version 22.0, SPSS Inc., USA) and GraphPad Prism 8.0
(Cabit Information Technology Co., Ltd., China). All data
were exhibited as mean+ SEM. The results of Cell viabil-
ity were analyzed by one-way ANOVA, and Sidak post-hoc
tests was used for pairwise comparison between groups. All
the other data were analyzed by two-way ANOVA. Two-
way ANOVA results were reported as the F-statistics and
P values, and a Sidak post-hoc test was used for within-
group comparisons. Boxes represent interquartile ranges,
with middle lines representing the medians; whiskers (error
bars) above and below the box indicate the 90th and 10th

percentiles, respectively; P values less than 0.05 were con-
sidered statistically significant.

Results

Gingerol Alleviated LPS-induced Depression-like
Behavior in rats

Initially, the open field test was executed to document and
monitor the rats’ spontaneous motor activity. The outcomes
revealed that the LPS treatment considerably diminished the
overall distance of activity, as well as the distance and dura-
tion of activity in the central region of the rats, signifying a
decline in active exploratory behavior. However, this behav-
ior was effectively reinstated through the co-administration
of 6-Gin, as illustrated in Fig. 2A-B.

Subsequently, the novelty-suppressed feeding test was
executed to assess depression-like conduct, revealing a
noteworthy decrease in the capacity to consume food, as
well as the quantity and duration of entry to the food zone
following LPS administration (Fig. 2C-D). Conversely,
the intervention of 6-Gin counteracted these outcomes to a
degree equivalent to that of the control group.

The forced swimming test was conducted to evaluate
depression-like behavior, revealing a noteworthy increase
in resting duration and a significant manifestation of depres-
sion following LPS administration. However, the interven-
tion of 6-Gin resulted in a significant decrease in resting
duration and an improvement in the LPS-induced depres-
sive state, as depicted in Fig. 2E. In summary, the findings
indicate that administering 6-Gin may have a mitigating
effect on depressive behavior induced by LPS in rats.

Gingerol Alleviates LPS-induced Neuroinflammation
in the rat PFC

Microglia are known to play a crucial role in neuroin-
flammation. In this study, we investigated the activation
of microglia in the PFC of rats. Our findings indicate that
the administration of LPS resulted in abnormal microglia
activation, as evidenced by an increase in microglia and
a decrease in the length of protrusions and the number of
terminal branches. However, the administration of 6-Gin
intervention effectively reversed the LPS-induced abnormal
microglia activation in the rat PFC (Fig. 3A and B).

The present study investigated the impact of administer-
ing LPS on the expression of pro-inflammatory cytokines
IL-1B and IL-18 in the PFC of rats, given their crucial role
in regulating microglia activation and neuroinflammation
(Ge etal. 2020; Slusarczyk et al. 2018). The results revealed
a significant increase in the expression of IL-1f and IL-18
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Fig. 2 (A) This study provides an illustrative example of the travel
pathways exhibited by rats during the open field test. (B) The variables
measured in this study include the distance traveled in the center, the
duration spent in the center square, and the total distance traveled by
the rats. (C) The travel pathways of rats during the novelty-suppressed
feeding test are depicted through an illustrative example in this study.
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(D) The variables of interest in this study include the number of entries
made by the rats in the food area and the duration of time spent in the
food area. (E) The results of the forced swimming test were analyzed
using a two-way ANOVA with Sidak post-hoc tests, with statistical
significance indicated by *p<0.05 and **p <0.01. The mean+ SEM
(n=28 per group) are presented in the accompanying graphs
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Fig. 3 The present study demonstrates that the abnormal activa-
tion of microglia induced by LPS in the PFC of rats can be allevi-
ated through intervention with 6-Gin. This effect is evidenced by the
reduced expression of Ibal, as indicated by green staining, and nuclear
staining (Hoechst, blue) in the PFC. The quantity of Ibal* cells exhib-
ited a decrease, while the process length and endpoints demonstrated
a significant increase subsequent to 6-Gin intervention, as confirmed
through two-way ANOVA with Sidak post-hoc analyses (*p<0.05
and **p<0.01). The graphs presented in this study indicate the
mean+SEM (n=5 per group). Original Magnification, 200X, scale
bar =100 um for the original region, and scale bar =20 pm for the
enlarged boxed region

in the PFC of rats following LPS administration. However,
co-administration of 6-Gin effectively reversed the LPS-
induced increase in IL-1p and IL-18 levels in the PFC of
rats, as evidenced by statistically significant differences

Fig. 4 Neuroinflammation

(Fig. 4A, B). We then investigated the expression of pro-
inflammatory mediators, including NF-kB p65, NLRP3,
and Caspasel, in the upstream pathways of IL-1 and IL-18.
Our findings revealed a significant increase in the protein
expression of NF-kB p65, NLRP3, and Cleaved Caspasel,
accompanied by a decrease in Pro-Caspasel expression in
the PFC of rats following LPS administration. Furthermore,
the co-administration of 6-Gin effectively rectified the aber-
rations induced by LPS in the expression of NF-kB p65,
NLRP3, and Caspasel in the PFC of rats (Fig. 4C, D). The
alterations observed at the protein level were in line with the
changes noted at the mRNA level (Fig. 4E). These collec-
tive findings indicate that Gingerol can mitigate the activa-
tion of the microglial NLRP3 inflammatory axis in the PFC
of rats induced by LPS.

Gin Alleviates LPS-induced Microglia Apoptosis,
Increased Activation and NF-kB p65 Nucleoplasmic
Translocation

We then studied whether 6-Gin can ameliorate LPS-induced
abnormal microglia activation. First, we determined that
100 uM 6-Gin treatment of BV2 cells for 24 h was the opti-
mal treatment based on CCK8 assay (Fig. 5A, B) and west-
ern blot analysis of NF-kB, NLRP3, and cleaved Caspasel
protein expression levels (supplemental Fig. 1). Next, apop-
tosis was observed by TUNEL staining. Finally, a signifi-
cant increase in apoptosis was observed in microglia solely
treated with LPS, which could be reversed in LPS-treated
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Fig. 5 Apoptosis induced by LPS in BV2 cells is alleviated by 6-Gin
intervention. (A) Cell viability of BV2 cells after treatment with dif-
ferent concentrations of 6-Gin (0, 4, 20, 100, 500 or 2500 uM) for
24 h. (B) Time-dependent effect of 100 uM 6-Gin on cell viability at
different time points (24 h, 36 h, 48 h and 72 h). (C) The apoptotic
ratio of BV2 cells in each group. (D) TUNEL-positive cells in BV2

BV2 cells pretreated with 6-Gin (Fig. 5C, D). The findings
of this study suggest that 6-Gin has the potential to miti-
gate LPS-induced microglial cell apoptosis. Additionally,
the microglial apoptosis levels in the 6-Gin groups did not
exhibit significant changes when compared to the control
group (Fig. 5C, D), indicating that the administration of 100
uM 6-Gin did not result in cytotoxicity.

Subsequently, an assessment was conducted to determine
the impact of 6-Gin on the activation of BV2 cells. The find-
ings indicated that the cells in the LPS group underwent a
transition from a quiescent state to the pro-inflammatory
M1 phenotype, characterized by an escalation in Ibal-posi-
tive cell protrusions and a gradual augmentation in the cyto-
sol with an amoeboid morphology (Fig. 6A). Conversely,
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cells. TUNEL staining (green) and Hoechst nuclear staining (blue).
*p<0.05 (cell viability data were analyzed by one-way ANOVA; the
other data were analyzed by two-way ANOVA with Sidak post-hoc
test). Graphs indicate mean+ SEM (n=>5 per group). Original Magni-
fication, 200X, scale bar =100 um

treatment with 6-Gin resulted in a transformation of the cells
into the M2 phenotype, which exhibited anti-inflammatory
properties, primarily featuring rounded, retracted protru-
sions and a limited number of short pseudopods, akin to the
control group (Fig. 6A). The findings suggest that 6-Gin
possesses the ability to convert M1-type pro-inflammatory
microglia into M2-type anti-inflammatory microglia.

Given the observed changes in NF-kB p65 expression in
the PFC of LPS-induced rats, we proceeded to investigate
whether activation could lead to the translocation of NF-xB
p65 into the nucleus in BV2 cells. The findings of this study
demonstrate that the translocation of NF-kB p65 from the
cytoplasm to the nucleus in BV2 cells was observed in the
LPS group (Fig. 6B), indicating the activation of the NF-«kB
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pathway in BV2 cells. Conversely, pretreatment with 6-Gin
resulted in a significant decrease in the nuclear translocation
of NF-kB p65 from the cytoplasm to the nucleus (Fig. 6B).
Further analysis was conducted on the protein expression of
NF-xB p65, revealing a significant increase in NF-kB p65
protein expression following LPS treatment. This increase
was notably suppressed upon administration of 6-Gin,
as depicted in Fig. 6C. These findings indicate that 6-Gin
effectively hinders the activation of the NF-kB pathway in
LPS-treated microglia.

Gin Alleviates LPS-induced Activation of the NLRP3
Inflammasome Pathway in Microglia

We conducted an investigation in BV2 cells to ascertain
the conformity of the NLRP3 pathway with the alterations
observed in the in vivo experiments. The findings revealed
a rise in the levels of NLRP3 protein subsequent to LPS
exposure in BV2 cells. Furthermore, the observed escala-
tion in the expression of ASC mRNA strongly indicates the

Fig.6 Abnormal activation
of microglia and NF-kB p65 A
induced by LPS is alleviated by
6-Gin intervention. (A) Immuno-
fluorescence staining of Ibal in
BV2 cells. Ibal staining (green)
and Hoechst nuclear staining
(blue). Magnification is 200,
scale bar =100 pm. (B) NF-xB
p65 staining in BV2 cells. (C)
Protein level changes of NF-xB
p65. **p<0.01 (analyzed by
two-way ANOVA with Sidak
post-hoc tests). Graphs indicate
mean+SEM (n=5 per group)

formation of CARD (ASC) specks. The augmented level of
cleaved Caspasel and the reduced pro-Caspasel (Fig. 7A-
C) further corroborate these results. We also observed a
significant increase in the release of inflammatory factors
IL-18 and IL-1p in response to LPS, as evidenced by a sta-
tistically significant difference (Fig. 7A-E). Treatment with
6-Gin resulted in a decrease in the expression of NLRP3,
ASC, Cleaved-Caspasel, IL-18 and IL-1p, thereby mitigat-
ing the inflammatory response (Fig. 7A-E). These findings
suggest that 6-Gin intervention may alleviate the inflamma-
tory response of microglia by inhibiting the activation of the
NLRP3 pathway.

Gin Alleviates Neuronal Damage Caused by LPS-
induced Microglia Activation

An in vitro co-culture system of microglia and neurons
was established to investigate neuronal synaptic changes.
The results of fluorescence analysis revealed that the LPS
intervention alone led to a reduction in neuronal dendritic
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Fig. 7 Abnormal activation of the NLRP3 inflammasome pathway
induced by LPS is alleviated by 6-Gin intervention in BV2 cells. (A,
B and C) Protein level changes of NLRP3, pro-Caspasel and cleaved-
Caspasel, respectively. All protein levels were normalized to GAPDH,

complexity, and a significant decrease in the number of
SYP/MAP2 and PSD95/MAP2 double-labeled cells com-
pared to the control group. Conversely, the number of MAP2
and PSD95/MAP2 double-labeled cells in the LPS 4+ 6-Gin
group was significantly restored to normal levels (Fig. 8A-
B). Subsequently, the aforementioned outcomes were cor-
roborated through western blot analysis, which revealed a
significant reduction in the expression of synaptic-related
proteins SYP and PSD95 in the LPS group as compared
to the control group. However, upon administering 6-Gin
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respectively. (D) mRNA level changes of Asc. (E) Protein level
changes of IL-1p and IL-18, respectively (*p <0.05, **p <0.01; two-
way ANOVA with Sidak post-hoc tests). Graphs indicate mean+ SEM
(n=35 per group)

intervention, a marked improvement was observed in the
LPS-induced decrease of neuronal PSD95 and SYP expres-
sion (p <0.05, p<0.01; Fig. 8C).

Discussion
Depression is a multifaceted disorder, and despite extensive

research, there remains a dearth of efficacious pharmaco-
logical interventions to mitigate its symptoms. However,
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Fig. 8 Effects of 6-Gin intervention on neuronal synapse in co-culture
of microglia and neurons in vitro. (A, B) SYP/MAP2 and PSD95/
MAP?2 labeled neurons. SYP staining (green), PSD95 staining (green),
MAP?2 staining (red) and nuclear staining (Hoechst, blue). Original
magnification, 200x; scale bar =100 pm. (C) Protein level changes
of SYP and PSD95, respectively. All protein levels were normalized
to GAPDH, respectively. *p <0.05, **p<0.01 (analyzed by two-way
ANOVA with Sidak post-hoc tests). Graphs indicate mean+SEM
(n=>5 per group)

6-Gin, the principal bioactive constituent of phenolic com-
pounds found in ginger, exhibits potent anti-inflammatory
and antioxidant properties. Empirical evidence suggests that
6-Gin may facilitate the functional recuperation of neonatal
hypoxic-ischemic brain injury and confer a protective effect
against peripheral mononeuropathy via its anti-inflamma-
tory attributes (Zhao et al. 2021; Borgonetti et al. 2020).
Moreover, in the context of isoproterenol (ISO)-induced
myocardial fibrosis, the administration of 6-Gin has been
shown to reduce inflammation and apoptosis, thereby exert-
ing a protective effect on the myocardial fibrosis (Han et
al. 2020). Based on this premise, we postulate that 6-Gin
may mitigate the progression of depression by ameliorat-
ing neuroinflammation. To test this hypothesis, we induced
a classical rat depression model using LPS and concurrently

administered 6-Gin treatment to evaluate the resultant
behavioral changes in the rats. The present study reveals
that treatment with 6-Gin resulted in an improvement in
depression-like behavior in rats induced with LPS. Further-
more, the enhanced active exploratory behavior was signifi-
cantly restored. These findings suggest that 6-Gin may hold
promise as a potential therapeutic candidate for the treat-
ment of depression.

The role of neuroinflammation in the pathogenesis of
depression is significant. Of particular interest are microg-
lia, specific immune cells within the central nervous system,
which have been implicated in the process of neuroinflam-
mation. Recent research suggests that depression may be
attributed to a disease of microglial cells [8]. The current
investigation confirmed that LPS administration resulted
in the activation of microglia in the PFC of a rat model of
depression, as evidenced by an augmented microglial popu-
lation and a reduction in the length of protrusions and the
number of terminal branches. The in vitro experiments also
demonstrated microglial activation following LPS expo-
sure, with a trend that was consistent with the in vivo obser-
vations. Moreover, the induction of microglia apoptosis was
observed following LPS stimulation. Previous research has
indicated that microglia apoptosis is frequently observed in
cases of depression (Kreisel et al. 2014). Additionally, inter-
mittent alcohol exposure during adolescence in rodents has
been shown to result in hippocampal microglia apoptosis,
which can lead to depression-like behavior (Hu et al. 2020).
As such, it is postulated that the acceleration of depres-
sion onset may be attributed to the occurrence of microglia
apoptosis.

Subsequently, an examination was conducted to deter-
mine the impact of 6-Gin on microglia. The results indi-
cated that 6-Gin mitigated the hyperactivation of microglia
induced by LPS in the PFC of rats. In vitro experiments
further demonstrated that 6-Gin reduced LPS-induced
microglia activation and improved the status of microglia
apoptosis. These findings suggest that 6-Gin may possess
anti-inflammatory properties and alleviate the incidence of
abnormal apoptosis by inhibiting microglia activation.

The pleiotropic transcription factor, NF-kB, is known
to activate numerous cellular signaling pathways and
regulate other factors that contribute to the inflammatory
response, ultimately leading to an increase in the produc-
tion of inflammatory cytokines. Studies have shown that
NF-kB activation in glial cells induced by LPS results in the
upregulation of inflammatory mediators (Zusso et al. 2019).
Consequently, the inhibition of NF-kB-mediated cellular
and molecular processes may serve as a crucial approach
to mitigate inflammatory responses. We first validated that
inhibitory effect of 6-Gin supplementation treatment on
LPS-induced upregulation of NF-kB expression in the rat
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PFC. In vitro, the activation of NF-kB was confirmed in
microglia through the observation of nuclear translocation,
which can be impeded through pre-treatment with 6-Gin.

The NLRP3 is a group of regulators involved in the
neuroinflammatory response. The activation of NLRP3 is
considered a potential link between immune activation and
stress, and has therefore become a subject of research in the
field of neuroinflammation and depression (Haneklaus et
al. 2013). The activation of NLRP3 inflammatory vesicles
entails the involvement of two distinct signaling pathways.
One pathway necessitates the activation of NF-kB, which
directly stimulates the production of IL-1 and IL-18. The
other pathway is responsible for the activation and assem-
bly of NLRP3 inflammatory vesicles, which involves the
recruitment of Pro-Caspasel and the subsequent generation
of mature IL-1f and IL-18 (Iwata et al. 2016). The results
of our study utilizing animal and cellular models indicate
that LPS stimulation induces activation of both signaling
pathways associated with NLRP3 inflammatory vesicles
in microglial cells, leading to an increase in the expres-
sion of NF-kB, NLRP3, ASC, Cleaved-Caspasel, IL-1,
and IL-18. Moreover, the activation of the NF-kB/NLRP3
inflammasome pathway in microglia induced by LPS was
notably mitigated following the administration of 6-Gin
intervention. This implies that 6-Gin may alleviate neuro-
inflammation by inhibiting the activation of the microglia
NF-kB/NLRP3 inflammasome pathway, thereby reducing
the incidence of depression.

Increasing evidence suggests a nuanced interplay
between microglia and neurons, with microglia serving as
a crucial cellular component in the preservation of synaptic
density in brain neurons (Wright-Jin and Gutmann 2019).
In the event of inflammation, microglia release immune-
related signaling molecules that negatively impact synaptic
connectivity and plasticity, both of which are essential for
learning and memory (Wu et al. 2015).

Depression is characterized by pathological changes
such as neuronal atrophy and synaptic inhibition in the
PFC, as evidenced by studies (Abdallah et al. 2015; Duman
et al. 2016; Duman and Aghajanian 2012). Post-mortem
examinations of individuals with depression have revealed
a decrease in the number of synapses in the PFC (Kang et al.
2012).Synapses serve as crucial locations for the transmis-
sion of neural information between neurons, and the com-
munication between neurons is fundamental to the genesis
of all brain activity and intricate behaviors. The integral
membrane glycoprotein, synaptophysin (SYP), is situated
within the synaptic vesicle membrane, while the postsyn-
aptic density (PSD) is an electron-dense structure located
beneath the postsynaptic membrane of excitatory synapses,
typically positioned at the apex of dendritic spines. And
both SYP and PSD95 can be used as specific markers of
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synapses(Sun et al. 2021). The significance of synaptic
vesicle formation and function, as indicated by SYP during
intrauterine development, for the proper development of the
brain has been established (Fang et al. 2021). Consequently,
any disruption to PSD95 may result in a disturbance of syn-
aptic plasticity at dendritic spines, which may lead to the
emergence of synaptic malformations that are linked to neu-
rological disorders (Coley and Gao 2018).

The present study employed co-culture systems of
microglia and neurons to investigate the impact of LPS-
induced microglia activation on neuronal function. Our find-
ings indicate that LPS stimulation of microglia resulted in
a reduction in neuronal dendritic complexity and a decrease
in the expression of synapse-associated proteins SYP and
PSD95. These results suggest that neuroinflammation plays
a significant role in the pathogenesis of neuronal injury,
with pro-inflammatory cytokines, chemokines, and other
inflammatory mediators produced by neuroinflammation
contributing to this process (Tang et al. 2019; Wang et al.
2019). Our findings indicate that 6-Gin has the potential to
reverse the reduction in the expression of synaptic proteins
SYP and PSD95, which is a result of microglia activation.
This suggests that 6-Gin may have a therapeutic effect in
ameliorating neuronal damage by increasing the expression
of both SYP and PSD95 in the LPS-induced rat depression
model. In summary, our study demonstrates that 6-Gin has
ability to improve neuronal damage caused by microglia
activation and restore neuronal synaptic plasticity.

In conclusion, the neuroprotective properties of 6-Gin
were observed in the context of LPS-induced depression-
like behavior. This effect was attributed to the inhibition of
microglial hyperactivation through the suppression of the
NF-«kB/NLRP3 inflammatory pathway.
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