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Abstract

Allicin, one of the main biologically active compounds derived from garlic, was previously reported to possess multiple
pharmacological activities. Whether allicin protected against chronic social defeat stress (CSDS) induced depressive-like behav-
iors remained unknown. Thus, our present study for the first time investigated the potential antidepressant effects and the
mechanisms of allicin on the CSDS mice model. Thirty minutes before social defeat stress, allicin (2, 10, 50 mg/kg) was treated
by intraperitoneal injection. The duration times of CSDS model establishment and allicin intervene were 10 days. Subsequently,
the force swimming test (FST), social interaction test (SIT), and sucrose preference test (SPT) were applied for behavioral
assessments. The levels of inflammation mediators were determined by commercial ELISA kits. The concentration of iron
was tested, and relative protein expressions were measured by western blot. Oxidative stress and apoptosis markers were also
detected by commercial kits and western blot. The behavioral defects induced by social defeat stress were obviously
improved by allicin. Microglia activation, as well as inflammatory cytokines elevation in the hippocampus of CSDS
also down-regulated by administration of allicin. Furthermore, content of iron and protein expressions of key
components in iron metabolism were remarkably aberrant changed in the CSDS mice hippocampus, meanwhile,
allicin ameliorated this phenomenon. Allicin decreased the production of reactive oxygen species (ROS),
malondialdehyde (MDA), and protein carbonyl, and the protein expression of NOX4, as well as up-regulated the
activities of superoxide dismutase (SOD) and Nrf2/HO-1 pathway. In addition, allicin attenuated the enhanced
neuronal apoptosis. Finally, allicin supplementation inhibited the Nucleotide-binding oligomerization domain contain-
ing 3 (NLRP3) inflammasome hyperactivity, and the expressions of inflammasome components, such as ACS,
caspase-1, and IL-1f3 in the hippocampus of CSDS mice. Allicin attenuated depressive-like behaviors of CSDS
mice through reducing neuroinflammation, ameliorating iron abnromal accumulation, balacing oxidative stress, and
attenuation neuronal apoptosis in the hippocampus via suppression of NLRP3 inflammasome.
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NLRP3  Nucleotide-binding oligomerization domain
containing 3

IL-1p3 Interleukin-1f3

Introduction

Depression is a common and devastating illness, which is a
leading cause of disability throughout the world (Whiteford
et al. 2013). Over 15% of the world population have been
affected, it has become a personal suffering and social prob-
lem (Kessler et al. 2003). At present, more than twenty differ-
ent antidepressant medications are used for the treatment of
depression, however, there are high rates of partial- or non-
response, furthermore, a substantial proportion of patients fail
to achieve a sustained remission (Gaynes et al. 2009). The
ambiguity of molecular mechanisms in pathophysiological
process of the depression and in the therapeutic actions of
the antidepressants are the primary contributors to the poor
outcomes of antidepressant treatment. Therefore, it is critical
to understand its aetiology and to innovate therapeutic
strategies.

Mounting investigations gradually reveal there is a close
linkage between major depressive disorder and inflammation.
In clinical investigations, the release of pro-inflammatory cy-
tokines, in particular, tumor necrosis factor o (TNF-),
interleukin-6 (IL-6), and interleukin-13 (IL-1f3), are higher
in depressed patients than those of normal people, suggesting
the important role of inflammation in the pathophysiology of
depression (Al-Hakeim et al. 2015; Dowlati et al. 2010).
Furthermore, it is demonstrated, in the depressed patients,
treatment of antidepressant medication decreased serum levels
of inflammatory cytokines (Hannestad et al. 2011). In addi-
tion, higher levels of proinflammatory cytokines and activa-
tion of microglia are also similarly detected in the depressed
animal models (Yamawaki et al. 2018; Jiang et al. 2017).
Thus, these research findings indicate that it is necessary to
search for antidepressants by focusing on anti-inflammatory
properties.

Iron is crucial factor for living cells and various biological
processes (Brittenham et al. 2000; Todorich et al. 2009).
Normal level of iron is essential to maintain regular physio-
logical brain function, including oxygen transportation,
DNA synthesis, mitochondrial respiration, neurotrans-
mitter synthesis and metabolism (Boelaert and Crichton
2001). Numerous studies report that neuroinflammation
and activation of glial cells disturb iron homoeostasis
and lead to elevation store of iron (Lee et al. 2004;
Nemeth et al. 2004). Neurotoxicity might occur during
excess concentration of iron which triggering oxidative
stress by generating reactive oxygen species (ROS) and
leading to the oxidation and modification of proteins, lipids,
and DNA, finally, resulting in various downstream effects
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including gene expression changes and cell apoptosis (Ward
and Crichton 2013; Ward and Crichton 2006).

NLRP3, an intracellular multi-protein complex, primarily
appears in inflammatory cells, such as monocytes, macro-
phages, and splenic neutrophils (Guarda et al. 2011).
NLRP3 is composed of an apoptosis-associated speck-
like protein containing a card (ASC) and an effector
molecule (caspase-1). The abnormal activation of
NLRP3 inflammasome is tightly related to the pathogen-
esis of neuropsychiatric diseases, especially depression
(Li et al. 2017). Clinical evidences show the concentra-
tion of NLRP3 inflammasome and IL-1{3 are signifi-
cantly increase in blood of depressed patients. In addi-
tion, in NLRP3-deficient mice, the depressive-like be-
haviors induced by stress are markedly ameliorated
(Alcocer-Gomez et al. 2016). Overall, all the above ev-
idences imply that NLRP3 may be an outstanding ther-
apeutic target for treat neuroinflammation related
depression.

There is an increasing interest in exploring the new antide-
pressants based on anti-inflammation regulation, and the food-
medicine, natural extracts and plant preparations to cure de-
pression are considered and popularly in using. Allicin, main
biologically active compounds derived from garlic, can freely
permeate through the blood-brain barrier and accumulate up
to high level in the brain (Chung 2006). Recently, an increas-
ing number of studies have reported that allicin possessed
outstanding neuroprotective effects in various animal disease
models (Chen et al. 2014; Zhang et al. 2018; Kong et al. 2017;
Xiang et al. 2017). Nevertheless, there are no reports
demonstrated whether allicin possesses functions in pro-
tection CSDS mice against depressive-like behaviors.
Thus, we performed the present investigation. Our re-
sults showed for the first time that allicin improved
depressive-like behaviors by ameliorating the neuroin-
flammation, iron aberrant accumulation, oxidative stress,
and neuronal apoptosis through inhibiting the NLRP3
pathway in the hippocampus.

Method
Animals

The male CD-1 mice weighing 23-25 g and 8-week-old male
C57BL/6 J mice were obtained from the Experimental Animal
Center of China Three Gorges University. All mice were
housed in a 12-h dark/light cycle (2042 °C) and humidity
controlled environment with free access to water and food
for 1 week. All experimental procedures were in accordance
with the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals and approved by the Ethics
Committee of the China Three Gorges University.
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Drug treatments and experimental design

The allicin dosage was dependent on the previous publications
(Chen et al. 2014; Kong et al. 2017; Zhu et al. 2012; Zhang
etal. 2015), which investigated the protective effects of allicin
on brain diseases. The mechanisms of allicin in quoting pub-
lications were based on inflammation, oxidative stress and
apoptosis in brain. Therefore, 2, 10, 50 mg/kg allicin were
chose for our present study.

The C57BL/6 J mice were divided into five groups (n =10
each group): Control, CSDS, CSDS + allicin (2, 10,
50 mg/kg). The establishment for CSDS model continued
for 10 days. During each day, the experimental C57BL/6 J
mice were exposed to different aggressive CD1 mice for
10 min, and then, plastic dividers containing holes were used
to separate them. The allicin was treated once day by intraper-
itoneal injection at 30 min before social defeat stress. Allicin
was obtained from MeilunBio Co., Ltd. (MB5783, Meilun,
China) and dissolved in DMSO and diluted in saline. The final
concentration of DMSO used was less than 1 %o (V/V).
Control and CSDS groups were administered an equipotent
volume of vehicle. All behavioral tests were performed during
the light period (between 8:00 and 17:00) under dim light. The
SPT, SIT, and FST were performed from the eleventh day.
After all the behavioral tests, all animals were sacrificed by
CO,. Hippocampus tissue were collected, isolated and stored
at —80 °C.

Sucrose preference test

The sucrose preference test was performed on the eleventh
day. During the first 2 days, each C57BL/6 J mouse was in-
dividually exposed to two bottles containing pure water and
1% sucrose solution, respectively. In order to avoid place
preference, bottles of the 1% sucrose solution and pure water
were changed daily. On the 3rd day, both the food and two
bottles were deprived for 18 h. On the 4th days, the test began
and lasted for 6 h. At the end of test, the two bottles were
weighed and calculated sucrose preference by the equation:
Sucrose preference (%) = sucrose intake / (sucrose intake +
water intake) x 100%.

Force swimming test

This test was performed after SPT according to previously
study (Porsolt et al. 1977). A clear plastic cylinder
(height 30 cm; diameter 15 cm) containing 10 cm of
water at 23+2 °C was used in this behavioral test.
The behaviors that the C57BL/6 J mice floating in the
water without struggling and only moving to keep their
head or nose above the water were identified as immo-
bility. The total test time was 6 min. Immobility time
was recorded during the final 4 min.

Social interaction test

This test was performed according to previous reports (Berton
et al. 2006). The social interaction test contained two trials
(“target absent” trial, “target present” trial). In the “target
absent” trial, the C57BL/6 J mouse was placed in an empty
cage. In the “target present” trial, an unfamiliar CD-1 mouse
was placed in the cage to stay with the C57BL/6 J mouse.
After each trial, the equipment was cleaned with 70% ethanol
to remove olfactory cues. Each trial lasted for 5 min, and the
duration time in the interaction zone spent by the test mouse
was individually recorded.

Immunofluorescent staining

For immunofluorescent staining, anti-Iba-1 was used as pri-
mary antibody to incubate with paraffin sections (Abcam,
1:200). Cy3-Labeled goat anti-rabbit IgG antibodies
(Beyotime, 1:1000) was served as secondary reagent to apply.
Immunofluorescent images were obtained with an inverted
fluorescence microscope (Leica, Germany). The results of im-
munofluorescent staining were selected from three randomly
sections of each mouse.

Measurement of pro-inflammatory cytokines release
by ELISA

The mice were sacrificed and hippocampal tissues were im-
mediately dissected. The RIPA (Servicebio, China) was used
to extract the hippocampal protein. The lysates were centri-
fuged (12,000%g, 15 min, 4 °C), and the supernatants were
collected. One part of supernatants were used for western blot,
the other part were reserved to detect the levels of pro-
inflammatory factors, TNF-¢, IL-6, and IL-1(3. The commer-
cial kits were used following the manufacturer’s instructions
(Boster, China).

Iron accumulation assay

The level of iron in the hippocampus were measured by
the commercial kit (BioVision, USA) according to the
manufacturer’s instruction. The optical density at
590 nm was measured with a microplate reader
(Thermo, USA). The concentration of iron was calculat-
ed following the standard curve obtained and presented
as mean fold change.

Oxidative factors assay
The activity of SOD and contents of ROS, MDA and protein
carbonylation in the hippocampus were determined by com-

mercial kits (Nanjing Jiancheng, China). All the experiment
procedures followed the instructions of commercial kits.
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Nissl staining

The paraffin blocks were sliced into 5 um thick sections,
which were deparaffinized, rehydrated and stained with
0.5% cresyl violet for 10 min at room temperature. The stained
sections were washed by double distilled water and 75% eth-
anol two times. Then, light microscope (Leica, Germany) was
used to observe the Nissl staining of hippocampus. The results
of Nissl staining were selected from three randomly sections
of each mouse.

TUNEL staining

An in situ cell death detection kit (Roche, Germany) was used
for TUNEL staining according to the manufacturer’s instruc-
tions. The results of TUNEL staining were selected from three
randomly sections of each mouse.

Immunostaining

The hippocampus paraffin was cut into 6 pm thickness sec-
tions, which then incubated with NLRP3 antibody (Abcam,
1:200) overnight at 4 °C and followed by the secondary goat
anti-rabbit IgG (Servicebio; 1:300) for 2 h at room tempera-
ture. Leica microscope was used to obtain the images. The
results of immunostaining were selected from three randomly
sections of each mouse.

Western blot

The 100 pg protein were separated by 8% polyacrylamide gel
electrophoresis and transferred onto PVDF membranes
(0.45 wm, Millipore, USA). Then, the membranes were
blocked with 5% (w/v) nonfat milk for 2 h at room temperature
and subsequently incubated with the following primary anti-
bodies at 4 °C overnight: Iba-1(Abcam,1:400), CD-11b
(Abcam, 1:500), Fpnl (Proteintech, 1:500), Hepcidin

(Proteintech, 1:500), DMT1 (Proteintech, 1:500), Ferritin
(Proteintech, 1:500), NOX4 (Proteintech,1:800), Nrf2
(Proteintech, 1:800), HO-1 (Proteintech, 1:800), BCL-2
(Proteintech, 1:500), BAX (Proteintech, 1:500), Caspase3
(Cell Signaling Technology, 1:600), Cleaved Caspase3 (Cell
Signaling Technology, 1:600), NLRP3(Abcam, 1:500), ACS
(Abcam, 1:500), Caspasel (Abcam, 1:500), IL-13 (Abcam,
1:500). After incubation with the horseradish peroxidase-
conjugated secondary antibodies (Servicebio, China) for 2 h
at room temperature, the membranes were visualized by the
chemiluminescence system (Clinx Science Instruments Co.
China).

Statistical analysis

The data were shown as means + SD. The comparisons be-
tween groups were performed using one-way analysis of var-
iance (ANOVA) followed by post hoc LSD test or two-way
ANOVA followed by post hoc Bonferroni’s test. A value of
P <0.05 was considered as significant.

Results
Effects of allicin on depressive behaviors of CSDS mice

The experimental procedure of present study was exhibited in
Fig. 1. After the CSDS model was built, behavioral tests,
including sucrose preference, social interaction and force
swim, were performed. As shown in Fig. 2, mice exposed to
social defeat stress showed less bodyweights compared with
control mice (Fig. 2a). The CSDS mice showed significantly
decreased ratio of sucrose consumption (Fig. 2a), reduced
interaction time in SIT (Fig. 2d), and increased immobility
time in FST (Fig. 2¢). However, allicin (10, 50 mg/kg) treat-
ment significantly improved the depressive-like behaviors in
CSDS mice, including increase bodyweight, ratio of sucrose

Allicin was treated by intraperitoneal injection
30 minute before social defeat stress

Depressive -like
behavioral assessment

Animal

Fig. 1 The experimental procedure of present study

@ Springer

> sacrificed

Biochemical analysis
and molecular mechanisms
detection



Metab Brain Dis (2019) 34:319-329

323

a

NN W
S W o
+*

Bodyweight (g)
n

10 {
5 q
0 :
Control CSDS 2 10 50
Allicin (mg/kg)
C
140 ##
) 120 1
-§ @ 100 |
£ 80 *%
— R
L = 60 - *%
-
£ .= 40
E 2]
0 A

ControlCSDS 2 10 50
Allicin (mg/kg)

Fig. 2 The effects of allicin on bodyweights and behavioral tests. a
Bodyweight. b Surcose preference ratio. ¢ Immobility time in force
swim test. d Interaction time in social interaction test. Data are

consumption, social interaction time, and mobility time in
FST. The present results suggested that chronic social defeat
stress successfully induced depression-like behaviors and al-
licin possessed anti-depressive effects in CSDS mice. The
beneficial effects of 50 mg/kg dose was more remarkable than
the others, thus, we chose 50 mg/kg dose to investigate the
potential mechanisms.

Effects of allicin on neuroinflammation
in the hippocampus of CSDS mice

To determine the role of neuroinflammation in depressive-like
behaviors and the functions of allicin, the assays of immuno-
fluorescence, western blot, and QPCR were used. As shown in
Fig. 3, the accumulation and amount of Iba-1-labeled
microglial cells were significantly larger in the hippocampus
of CSDS mice than normal animal (Fig. 3a, b). The protein
expressions of Iba-1 (Fig. 3¢) and CD-11b (Fig. 3d), another
microglial marker, were also increased significantly in the
CSDS mice hippocampus. Allicin-treated mice exhibited
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control group, *p <0.05, **p < 0.01, versus the CSDS group

remarkable inhibition in neuroinflammation by improvement
in staining of Iba-1, as well as reduction in protein expressions
of Iba-1 and CD-11b. In addition, social defeat stress dramat-
ically up-regulated the levels of proinflammatory cytokines in
the hippocampus, IL-13 (Fig. 3e), IL-6 (Fig. 3f), TNF-«
(Fig. 3g) which were also substantially corrected by
allicin. Taken together, the present results demonstrated
the social defeat stress induced neuroinflammation and
microglial activation in the hippocampus, which was
conspicuously inhibited by allicin.

Effects of allicin on iron homeostasis
in the hippocampus of CSDS mice

Iron homeostasis might be perturbed after glial cells activated
during neuroinflammation (Lee et al. 2004; Nemeth et al.
2004). Moreover, iron imbalance and aberrant accumulation
in the brain was involved in the pathophysiological process of
several neurodegenerative disorders (Ward et al. 2014). In
order to verify whether this phenomenon induced by social
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Fig. 3 The effects of allicin on neuroinflammation markers in the
hippocampus. a Iba-1 immunofluorescence. b Quantitation of Iba-
1 staining. ¢ Protein expression of Iba-1. (D) Protein expression

defeat stress and improved by allicin administration, the iron
content and protein expressions of key components in iron
regulation were measured. As shown in Fig. 4, compared to
control group, iron excessively accumulated in the hippocam-
pus of CSDS mice (Fig. 4a). Furthermore, social defeat stress
for 10 days caused protein expressions change, including Fpn-
1 reduction (Fig. 4¢), hepcidin (Fig. 4d), DMT1 (Fig. 4¢) and
ferritin (Fig. 4f) elevation. However, pretreatment of allicin
significantly improved iron aberrant deposition and corrected
protein expressions, suggesting allicin possessed protective
effects on iron regulation.

Effects of allicin on oxidative stress
in the hippocampus of CSDS mice

The iron concentration exceeds the cellular iron sequestration

capacity of storage proteins or other molecules might trigger
oxidative stress (Kruszewski 2003), therefore, the key
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Control CSDS  Allicin

of CD-11b. (E-G) Levels of IL-1p, IL-6, TNF-«. Data are
expressed as mean=+SD, n=5. ##p <0.01, versus the control group,
*p <0.05, **p <0.01, versus the CSDS group

components and pathway related to the oxidative stress were
also examined. The present results found that levels of ROS
(Fig. 5a), MDA (Fig. 5b), and protein carbonyl (Fig. 5¢) ele-
vated in the hippocampus of CSDS mice, which significantly
reduced after allicin treatment. It was proved previously that
NOX4 contributed to ROS generation (Richter et al. 2015).
Our results suggested the protein expression of NOX4 in-
creased in the CSDS group, and the allicin treatment signifi-
cantly corrected the abnormal protein expression of NOX4
(Fig. 5f). Moreover, Nrf2/HO-1 pathway, function as cellular
defense and contributing to antioxidation, was also investigat-
ed in our study. The Nrf2/HO-1 pathway and SOD activity
were both found to decrease in the hippocampus of CSDS
mice, but allicin have significantly increased protein expres-
sions of Nrf2/HO-1 pathway (Fig. 5f, g) and SOD (Fig. 5d)
activity. In all, allicin treated-CSDS mice improved ox-
idative stress by adjust the balance of oxidative stress
markers and antioxidants.
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Effects of allicin on neuronal damage
in the hippocampus of CSDS

Neuronal damage and apoptosis were evaluated by Nissl and
TUNEL staining and expressions of key proteins in apoptosis.
In control group, Nissl bodies in the neurons were abundant
and the neuronal morphology was integrity. However, CSDS
mice were found that apparent cell losses and less nuclear
integrity. In addition, administration of allicin significantly
increased the mean number of surviving cells in the CA1
region (Fig. 6g). In TUNEL staining, the number of
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TUNEL-positive neuronal cells in the CSDS mice CA1 region
was obviously increased, indicating a significant increment of
cell apoptosis. Nevertheless, these changes were effectively
restored by the allicin treatment (Fig. 6f). ki67 immunofluo-
rescence staining showed that allicin elevated neurogenesis
(Fig. 6h).

The expression of cleaved caspase-3 and ratio of Bcl-
2/Bax in the hippocampus of CSDS mice were in-
creased, while allicin significantly inhibited the activa-
tion of caspase-3 (Fig. 6d) and decreased Bcl-2/Bax ratio
(Fig. 6b, c).
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mice. a—d Protein expressions of Bcl2, BAX and caspase 3. e TUNEL
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Effects of allicin on NLRP3 expression
in the hippocampus of CSDS mice

To determine whether hyperactivation of NLRP3
inflammasome was related to the behavioral changes in
CSDS mice, the protein expressions of NLRP3 pathway were
measured in the hippocampus. Our data found, the protein ex-
pression of NLRP3 in CSDS mice was significantly higher than
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Fig. 7 The effects of allicin on the NLRP3 inflammasome and
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]

Nissl staining of hippocampal neurons. (H) Ki67 immunofluorescence
staining. Data are expressed as mean=SD, n=35. #p < 0.05, ##p < 0.01,
versus the control group, *p <0.05, versus the CSDS group

that of the control mice (Fig. 7a—d). Similarly, social defeat
stress up-regulated the protein expression of ACS (Fig. 7e),
elevated the activation degree of caspase-1 (Fig. 7f), and en-
hanced the protein expression of mature IL-1(3 (Fig. 7g).
However, allicin administration attenuated the activation level
of NLRP3 inflammasome, corrected the protein levels of
NLRP3, ASC, and caspase-1, and finally, reduced the IL-1[3
protein expression in the hippocampus of CSDS mice.
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Discussion

Recently, the researches of pathogenesis mechanisms under
depression have moved beyond the monoamine hypothesis.
Multiple evidences support that neuroinflammation might be
involved in the pathophysiology of depression and, moreover,
might be served as effective therapeutical target (Uher et al.
2014; Berk et al. 2011). Products derived from a variety of
natural food have been reported to possess the anti-
inflammation and neuroprotective activities, such as allicin.
Allicin could across the blood-brain barrier, causing neuropro-
tection activities in the brain. However, the ability of allicin
attenuated depressive-like behaviors induced by social defeat
stress have not yet been studied. Hence, in this study, we
demonstrated for the first time that the protective activities
of allicin against depressive-like behaviors of CSDS mice
and inhibitive effects on NLRP3 inflammasome hyperactiva-
tion, which mechanisms might be attributed to attenuation of
neuroinflammation, regulation iron homeostasis, improve-
ment of oxidative stress, and reduction of neuronal damage.

Inflammation, increasingly attracting more and more atten-
tions, was considered as a key and core feature in mood dis-
orders. Depression is a inflammation state accompanied with
higher levels of pro-inflammatory markers (Schiepers et al.
2005). Inflammatory imbalance was observed in mood disor-
ders in pre-clinical and animal model studies (Howren et al.
2009; Dowlati et al. 2010; Lu et al. 2018; Tang et al. 2018).
Furthermore, antidepressant medication could reduce the
levels of pro-inflammatory cytokines (Baumeister et al.
2016). In line with these study, CSDS mice in our study also
exhibited remarkable neuroinflammation status in the hippo-
campus, as evidenced by increase levels of pro-inflammation
cytokines, elevation protein expressions of microglial
markers, Iba-1 and CD-11b.

NLRP3 inflammasome was comprised of Nucleotide-
binding oligomerization domain containing 3 (NLRP3),
apoptosis-associated speck-like protein (ASC) and pro-cas-
pase-1. The NLRP3 inflammasome complex triggers matura-
tion of caspase-1, which subsequently proteolytically process-
es its substrates pro-IL-1f3 into mature IL-1[3. Normal activa-
tion level of the NLRP3 inflammasome functioned as the host
defense (Jo et al. 2016). However, the occurrence of multiple
diseases might increase when abnormal and excessive extent
activation of NLRP3 inflammasome. Several lines of evi-
dences showed that the NLRP3 inflammasome was closely
linked the pathophysiology of depression and chronic neuro-
inflammation statu (Kaufmann et al. 2017). In depressed pa-
tients, NLRP3 inflammasome found to be activate (Alcocer-
Gomez et al. 2014). The depression-like behaviors triggered
by either stress or LPS in animals accompanied with activa-
tion of NLRP3 inflammasomes, which mediating depressed
animal model via neuroinflammation. Furthermore, knock-
out of NLRP3 blocked depressive-like behaviors in animals,

increased the stress tolerance and attenuated inflammatory
responses (Su et al. 2017). Antidepressant medicines im-
proved depressive-like behaviors via inhibiting NLRP3
inflammasome activation (Du et al. 2016). Similarly,
our evidences indicated that higher activation of NLRP3
inflammasome appeared in the hippocamous of CSDS mice,
as well as the key components-ASC, caspase-1, and IL-1f3.
Therefore, all these evidences demonstrated that NLRP3
inflammasome might be an applicable therapeutic target and
pathway for depression treatmen.

Inflammation and iron homeostasis are tightly regulated
and interplayed with each other. Iron accumulation in neurons
and microglia were increased after pro-inflammation factors
stimulation (Rathore et al. 2012; Zhang et al. 2012).
Moreover, elevated iron store might aggravate disease vulner-
ability and the response to infection and inflammation
(Murray et al. 1978). Additionally, psychological stress could
also lead to impaired iron regulation in the brain (Wang et al.
2008). The protein concentration of DMT1, the iron transport-
er, was elevated in hippocampal neurons associated with the
iron abnormal concentration during chronic inflammation.
Hepcidin rapidly increased consistent with the inflammatory
stimuli triggering iron overload. In order to ravel out whether
there was imbalance iron accumulation in the hippocampus of
CSDS mice accompanied with chronic neuroinflammation,
iron concentration and iron transporter signaling were deter-
mined. The increase of iron concentration and abnormal pro-
tein expressions of core factors in iron transporter signaling
were presented in the hippocampus of CSDS mice, suggesting
iron overload emerged. However, although the phenomenon
of iron overload was finally appeared in the CSDS mice,
whether the inflammatory condition was the unique adverse
factor needed to be further investigated because of the com-
plexity of the depression pathogenesis.

Excessive iron concentration and aberrant expressions of
iron transporters could induce ROS production, which subse-
quently triggering oxidative stress and finally leading to neu-
ronal death. In consistence with these studies, our data showed
a significant increase level in oxidative stress in the hippocam-
pus, as demonstrated by the obviously elevation levels of
ROS, MDA and protein carbonylation and the decrease of
SOD activity in the hippocampus of CSDS mice. Similarly,
the ratio of ROS producer NOX4 and cellular defense system
Nrf2/HO-1 signaling pathway was dysregulation. In addition,
the degrees of neurological deficit and apoptotic neuronal
death were also elevated in the hippocampus after social de-
feat stress, as evidenced by the lost of Nissl bodies, the in-
crease of positive apoptotic cells in TUNEL staining, and the
increase protein expression of cleaved caspase-3 and Bcl-2/
Bax ratio suggested the phenomenon of neuronal loss and
apoptosis appears in hippocampus of CSDS mice.

In order to investigate the effects and mechanisms of allicin
on depression, a suitable animal model is needed. According
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to the previous studies, chronic social defeat stress procedure
can induce many behavioral changes compared to the control,
such as decreased social interaction (Yan et al. 2010; Berton
et al. 2006; Tsankova et al. 2006) and anhedonia (Von Frijtag
etal. 2000), accompanied with physiological, neuroendocrinal
and neurobiological consequences of social stress. These
changes are interpreted as signs mimicking certain aspects of
human depression (Meerlo et al. 1996). In addition, there are
two reasons to illustrate the why male rodents were chose for
the present study. Firstly, women exhibit a higher susceptibil-
ity to stress-related illnesses, such as mood and anxiety disor-
ders, than men in general (Kessler 2003), which is particularly
true during their reproductive years (Gutiérrez-Lobos 2002).
Despite this, most basic studies assessing MDD and BD are
performed in males. This is due, in part, to the complexity of
studying females given the differences in a number of factors
that are observed across the oestrus cycle, for example OXT-R
expression and HPA axis activity (Bale et al. 1995). The other
one is that male rodents are more appropriate for this model
than female, since female rats or mice do not fight each other
in a resident—intruder confrontation (Bjorkqvist 2001).

Recently, allicin has reported to possess several biological
activities and beneficial effects, including anti-inflammatory,
anti-oxidative stress activities (Chung 2006).

Our present results for the first time added another thera-
peutic action of allicin—anti-depressive like behaviors.
Furthermore, allicin ameliorated excessive inflammation sta-
tus, deceased inflammation marker level of microglial cell in
the hippocampus. Meanwhile, we also found that allicin atten-
uated iron overload and corrected protein expressions of fac-
tors in iron transporter signaling, markedly ameliorated oxi-
dative stress, decreased the neuronal apoptosis. Additionally,
down-regulation activation of NLRP3 and corresponding
components also participated in the beneficial effects of
allicin.

In conclusion, our data showed for the first time that the
antidepressant action of allicin was accomplished through the
prevention of neuroinflammation, regulation of iron overload
and oxidative stress, and interruption of cell apoptosis
in the hippocampus. Moreover, the inhibitive effects on
NLRP3 inflammasome of allicin was first demonstrated
in our results. All these findings supported the potential
for allicin as a possible food-medicine agent for depression
treatment in future.
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