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ABSTRACT

Objective: To identify the anti-depressive effect of ferulic acid
(FA) in mice exposed to lipopolysaccharide (LPS) and explore its
molecular mechanisms.

Methods: The mice were divided into 5 groups as follows: Control,
LPS, LPS + SP, LPS + FA, and LPS + FA + anisomycin. The LPS +
FA and LPS + FA + anisomycin groups were administered with FA
(100 mg/kg, i.p.) once daily continuously for 7 days, and the other
groups received an equivalent volume of saline. On the 7th day,
LPS (0.1 mg/mL, i.p.) was injected in all mice except the control
group 30 min after FA or saline administration. The LPS + SP and
LPS + FA + anisomycin groups were intravenously administered
with SP600125 [c-Jun N-terminal kinase (JNK) inhibitor] (100 pL/
site, 7.v.) and anisomycin (JNK activator) (100 pL/site, 7.v.) 15 min
before LPS, respectively. The depressive behaviors were assessed by
open field test, sucrose preference test, and forced swimming test at
24 h post-LPS administration. Tumor necrosis factor-o. (TNF-o) and
interleukin-1f3 (IL-1P) levels in plasma were measured by ELISA.
The levels of phospho-JNK, TNF-a, IL-1f, Bcl-2, Bax, cytochrome
¢ and caspase-3 were evaluated by Western blotting.

Results: FA alleviated depression symptoms caused by LPS in
mice, including increasing sucrose water consumption in sucrose
preference test and reducing the immobility time in forced
swimming test. FA could inhibit upregulated levels of phospho-JNK,
TNF-a, and IL-1B. FA also markedly decreased Bax, caspase-3,
and cytochrome c, and increased Bcl-2 levels. Besides, SP600125
showed neuroprotective effect similar to FA which was attenuated
by anisomycin.

Conclusions: FA attenuates inflammation and apoptosis by
inhibiting LPS-induced activation of JNK to alleviate depression-

like behaviors.

KEYWORDS: Ferulic acid; Lipopolysaccharide; Depression; INK;

Inflammation; Apoptosis

1. Introduction

Depression is a neurological disorder characterized by reduced
self-activity, low mood, and anhedonia, and it affects nearly 20% of
the world’s total population[1]. In recent years, researchers find that
the standard antidepressants have many side effects such as sexual
dysfunction, low blood pressure, and drowsiness[2]. Therefore, it is
of great significance to investigate the mechanisms of depression
and explore natural antidepressants with low toxicity.

Inflammation plays a crucial role in the pathogenesis of
depression. The clinical researches found increased levels of
inflammatory cytokines in the peripheral blood of patients who
suffer from depression[3]. The elevated expression of inflammation-
related genes is also found in the prefrontal cortex (PFC) in
major depressed patients[4]. Previous studies have shown that
lipopolysaccharide (LPS) injection in mice results in depression-

like behaviors, such as increasing immobility time in forced
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swim and tail suspension tests at 24 h post-injection. Hence, the
injection of LPS can establish an inflammation-related animal
model of depression[5]. LPS plays pivotal roles in the activation of
inflammatory response and microglial activation6]. Specifically, LPS
binds to its cognate receptors to regulate the c-Jun N-terminal kinase
(JNK) signaling pathway. Activated JNK is involved in the release
of inflammatory cytokines [e.g., tumor necrosis factor-o. (TNF-a),
interleukin-1B (IL-1B)](7.8]. These increased molecules reach the
brain and elicit depressive symptoms[9,10]. Therefore, the inhibition
of overproduction of proinflammatory cytokines may be a strategy to
treat these disorders.

Cell apoptosis is a “programmed” cell death, which includes
mitochondrial-dependent and non-mitochondrial-dependent
pathways. The mitochondrial apoptosis pathway is directly
controlled by pro- and anti-apoptotic molecules[11]. Previous studies
show that the mitochondrial apoptosis pathway is associated with
the pathological process of depression and serves as a target for the
antidepressant action[12].

Ferulic acid (FA) (4-hydroxy-methoxy cinnamic acid,
Supplementary Figure 1A), is a hydroxycinnamic acid derivative
originally found in grains, vegetables, and fruits. FA is found to
relieve depression-like behaviors by promoting energy metabolism
and inhibiting inflammation[13,14]. Several studies indicate that
supplementation with FA can ameliorate depressive symptoms[15].
However, the effect of FA on LPS-induced depression and its
relevant mechanism has not yet been investigated. Hence we
explored the neuroprotective effects and mechanisms of FA on LPS-

induced depression in mice in this study.

2. Materials and methods

2.1. Animals

Seven-week-old male ICR mice weighing (20 = 5) g were
purchased from the Laboratory Animal Center of Xuzhou Medical
University (Xuzhou, China). The mice were allowed to acclimatize
to the experimental conditions (humidity of 50%-60%, the ambient
temperature of 20-25°C, and 12 h light/dark cycles) for a week and

with free access to food and water.

2.2. Materials

FA with 98% purity was purchased from Zhengzhou Lion
Biological Technology Co. Ltd (Zhengzhou, China). LPS, from
Salmonella enterica (serotype typhimurium), was purchased from
Sigma (St. Louis, MO, USA). SP600125 (JNK inhibitor) and
anisomycin (JNK activator) were purchased from Merck Chemical

Technology Co. Ltd (Shanghai, China). The primary antibodies
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of JNK, p-JNK, TNF-a, IL-18, B-cell lymphoma-2 (Bcl-2), Bcl-2
associated X protein (Bax), caspase-3, and cytochrome ¢ (Cyt-c),
B-actin and all secondary antibodies were purchased from Santa
Cruz Biotechnology Co. Ltd (Santa, USA).

2.3. Experimental procedures

The powder of LPS and FA was dissolved in normal saline to final
concentrations of 0.06 mg/mL (LPS), 0.1 mg/mL (LPS), and 10 mg/
mL (FA), and administered intraperitoneally. The SP600125 and
anisomycin were dissolved in normal saline to final concentrations
of 6 and 5 mg/mL, respectively, and given by intravenous injection
(100 pL/site, i.v.)[16]. All the drugs were freshly prepared before use.
Initially, two different concentrations (0.6 and 1.0 mg/kg) of LPS
were tested to determine the better one for injection in all assays and
LPS at 1.0 mg/kg was selected.

The mice were randomly divided into five groups (control, LPS,
LPS + SP, LPS + FA, LPS + FA + anisomycin) consisting of 12 mice
in each group. Mice in the LPS + FA group were intraperitoneally
administered with FA (100 mg/kg, i.p.) once a day continuously
for 7 d, whereas the other four groups were administered with an
equal volume of saline. At day 7, 15 min after the last injection of
FA or saline, the LPS + SP group was administered with SP600125
by intravenous injection (100 pL/site, i.».), and the LPS + FA +
anisomycin group was administered with anisomycin (100 pL/site,
i.v.). Thirty minutes after the last injection of FA or saline, the LPS,
LPS + SP, LPS + FA and LPS + FA + anisomycin groups were
administered with LPS (1.0 mg/kg, i.p.). The control group only
received an equal volume of saline.

Depression behaviors were assessed 24 h after LPS injection. After
behavioral tests, the mice were anesthetized and sacrificed using 1%
pentobarbital sodium, and blood or tissue samples were immediately
collected for subsequent experiments. The experimental procedure

was depicted in Supplementary Figure 1B.

2.4. Sucrose preference test (SPT) and determination of body
weight

Sucrose preference is an effective indicator to assess the depression-
like behavior in mice. We carried out the SPT according to the
method described in previous studies[17]. Briefly, each mouse was
placed in one cage with a clean water bottle (water) and a sucrose
water bottle (sucrose solution, 1% w/v) after injection of LPS, and
the original weight of each bottle was recorded. The two bottles were
respectively weighed again 24 h later. The consumption of water and
sucrose solution was measured. The sucrose preference (%)=sucrose
water consumption/(sucrose water consumption + clean water
consumption). Moreover, body weight is also an effective indicator

to evaluate the depressive behavior in mice, and it was measured
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before and 24 h after LPS treatment.

2.5. Open field test (OFT)

The OFT was performed according to the methods in previous
studies[18]. Briefly, a black plastic open box (50 cm x 50 cm x 40
cm) was used and its bottom was divided into 9 equal squares, of
which the center square was considered as the center area. The
mouse was placed in the center square and adapted for 3 min. The
locomotive activity was recorded for 5 min with the ZH-ZFT video
analysis system (Huaibei Zhenghua Biological Instrument and
Equipment Co. Ltd., Huaibei, China). The distance traveled and
crossing numbers (crossing the central square) were analyzed by the

Any-maze system software[19].

2.6. Forced swimming test (FST)

Each mouse was randomly placed in a round transparent swimming
bucket filled with 15 cm of water [temperature (25 + 1)°C; 30 cm in
height; 11 cm in radius] for 2 min to adapt. When a mouse passively
floated in the water, keeping its head or nose above the water, it was
judged to be immobile. The process of the FST was recorded with
the ZH-QPT video analysis system (Huaibei Zhenghua Biological
Instrument and Equipment Co. Ltd., Huaibei, China) for 5 min. The
Any-maze system software was used to analyze the accumulated

immobility time[19].

2.7. Sample preparation for ELISA and Western blotting

Six mice from each group were sacrificed under anesthesia, using
1% pentobarbital sodium. The peripheral blood was collected
and centrifuged at 4°C, 2000 xg for 15 min. The supernatant was
collected and plasma TNF-o and IL-1f levels were measured using
an ELISA kit (Beyotime, Shanghai, China).

The whole brain was dissected to obtain the PFC as described
by Kikusui et al[20]. Briefly, the PFC was isolated from the frontal
part of the superior frontal gyrus immediately after the decapitation
according to the Mouse Brain Anatomy Atlas, immediately frozen in
liquid nitrogen and saved at —80 ‘C until use.

The proteins except Cyt-c were extracted from the PFC of a mouse
as the following methods: the tissues were homogenized with ice-cold
protein lysis buffer and centrifuged at 12000 xg for 15 min at 4°C to
collect the supernatant for Western blotting. The expression of Cyt-c
was assessed according to the method reported by Li et al[21]. Briefly,
the tissues were centrifuged (2000 Xg, 15 min, 4°C) to collect the
supernatant which was centrifuged again (14000 Xg, 15 min, 4°C), then
the cytosolic fractions (the supernatant) and mitochondrial fractions
(the pellet) were obtained. The protein concentration was determined

with a BCA protein assay kit (Beyotime, Shanghai, China).
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2.8. Western blotting analysis

Samples containing 50 pg total proteins were separated by 10%-
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE, 100 V) and transferred onto polyvinylidene fluoride
membranes (40 mA per membrane). The membranes were blocked
with 3% bovine serum albumin for 2 h and incubated with the
primary antibodies (B-actin, JNK, p-JNK, TNF-qa, IL-1p, Bax, Bcl-2,
caspase-3, and Cyt-c) for one night at 4 °C. After washed three times
with TBST (Tris-buffer with 0.1% Tween-20), the membranes were
incubated with fluorescently labeled anti-mouse/rabbit secondary
antibodies (1:1000) in a dark room for 2 h. The membranes were
washed three times again with TBST and scanned. Densitometry
analysis of the bands was performed with ImageJ 1.47v (National
Institute Health, USA). Taking the control group as base 1.00,
the relative ratio between the control group and other groups was

calculated.

2.9. Statistical analysis

GraphPad Prism 7 software was used for statistical analysis of all
data which were presented as mean + SD. Multiple comparisons
were conducted with one-way ANOVA analysis followed by
Sidak’s multiple comparisons test. P-value < 0.05 was considered

statistically significant.

2.10. Ethical statement

All experimental procedures in this study complied with the rules
of the NIH for the animal ethics of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee of

Xuzhou Medical University [SYXK (SU) 2015-0030].

3. Results

3.1. Effects of LPS on depression behaviors in mice

To choose the optimal concentration of LPS that could induce
depression in mice, two doses (0.6 and 1.0 mg/kg) were examined.
The behavior tests were performed at 6 or 24 h after LPS injection.
As shown in Figure 1, treatment with LPS in mice showed a
significant increase in the immobility time at the dosage of 1.0
mg/kg compared with the control (0 mg/kg, P < 0.05, Figure 1A).
Therefore, we chose 1.0 mg/kg LPS as the optimal concentration for
the subsequent experiments. Moreover, both 0.6 and 1.0 mg/kg LPS
injection could cause a body weight loss in mice (P < 0.05) (Figure

IB). It was also observed that the locomotor activity measured by
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Figure 1. Depression-like behaviors induced by LPS in mice. Mice were injected with 0.6 or 1.0 mg/kg (i.p.) LPS. Immobility time for 5 min in forced

swimming test (A), body weight (B), travel distance (C), and the crossing number for 5 min in open field test (D) were measured (mean + SD, n =12). “P < 0.05

vs. the control group. LPS: lipopolysaccharide.
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Figure 2. Effects of FA on LPS-induced depression-like behaviors in mice. Twenty-four hours after LPS injection, the sucrose preference was measured by

sucrose preference test (A). The immobility time was measured for 5 min by forced swimming test (B) (mean * SD, n = 12). *P < 0.05 vs. the control group; °P
< 0.05 vs. the LPS group; ‘P < 0.05 vs. the LPS + FA group. LPS: lipopolysaccharide; SP: SP600125; FA: ferulic acid; Ani: anisomycin.
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Figure 3. Effects of FA on plasma TNF-a and IL-1p levels induced by LPS. (A) Plasma TNF-o and (B) IL-1p levels were measured by ELISA (mean + SD, n = 6).
‘P < 0.05 vs. the control group; P < 0.05 vs. the LPS group; °P < 0.05 vs. the LPS + FA group. LPS: lipopolysaccharide; SP: SP600125; FA: ferulic acid; Ani:

anisomycin.
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the travel distance and crossing numbers were reduced in mice 6 h
post-LPS administration (P < 0.05, Figure 1C and 1D). However,
there was no significant difference between different concentrations

24 h after LPS injection.

3.2. Effects of FA on depression—like behaviors in mice

Effects of FA pretreatment on LPS-induced depression behaviors
in mice were assessed by the SPT and FST. Results showed that
sucrose preference in the LPS group was significantly reduced
compared with the control group [(43.22 + 1.70)% wvs. (62.68 +
2.07)%] (P < 0.05), while pretreatment with FA [(59.70 + 2.06)%]
reversed the decrease as in the LPS + SP group [(61.50 £ 2.74)%] (P
< 0.05). The sucrose preference in the LPS + FA + anisomycin group
[(48.52 + 3.25)%] was lower than that in the LPS + FA group (P <
0.05) (Figure 2A).

We also examined the effect of FA on the immobility time in
the FST. Compared with the control group [(82.17 = 4.93) s], the
immobility time was increased significantly in the LPS group
[(136.70 £ 6.59) s]. FA and SP600125 [(93.48 + 6.32) s and (93.30
+ 6.89) s] reversed LPS-induced change (P < 0.05). However,
anisomycin [(113.60 + 7.00) s] treatment abolished the ameliorative
effect of FA (P < 0.05) (Figure 2B). Thus, behavior tests presented

the antidepressant effect of FA on inflammation-induced depression.
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3.3. Effects of FA on TNF-o. and IL—1p levels in plasma

We used ELISA to measure two representative inflammatory
cytokines (TNF-a and IL-1p) levels in plasma. LPS elevated plasma
TNF-a and IL-1p levels, while FA and SP600125 decreased the
levels of these two inflammatory factors (P < 0.05). Anisomycin
abolished the inhibitory effect of FA on inflammatory factors (P <
0.05) (Figure 3).

3.4. Effects of FA on the expression of p—JNK and
inflammatory cytokines in the PFC of mice

The expression levels of JNK and p-JNK were detected by Western
blotting. As shown in Figure 4, the p-JNK/JNK ratio was significantly
increased in the LPS group compared with the control group. In
contrast, the p-JNK/JNK ratio induced by LPS was downregulated by
SP600125 and FA (P < 0.05). However, an increased ratio of p-JNK/
JNK in the PFC of depressive mice was detected in the LPS + FA +
anisomycin group (P < 0.05, Figure 4A and B).

In addition, LPS markedly increased TNF-a and IL-1f levels (P
< 0.05). FA and SP600125 administration suppressed the increase.
The suppressive effect of FA on the TNF-a and IL-1p levels was
diminished by anisomycin (P < 0.05) (Figure 4C-E). The results
suggest that FA significantly inhibited inflammation through
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Figure 4. Effects of FA on the expression of p-JNK and inflammatory cytokines in the mouse PFC. (A) Representative bands of p-JNK and JNK are shown. (B)
Relative ratio of p-JNK/JNK. (C) Representative bands of TNF-a and IL-1p are shown. (D) Optical density (O.D.) of TNF-a. (E) O.D. of IL-1B (mean + SD, n
=6). P < 0.05 vs. the control group; °P < 0.05 vs. the LPS group; °P < 0.05 vs. the LPS + FA group. LPS: lipopolysaccharide; SP: SP600125; FA: ferulic acid;

Ani: anisomycin.
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inhibition of JNK activation.

3.5. Effects of FA on the expression of apoptotic factors in mice

The increased levels of Bax, caspase-3, and Cyt-c were observed in
the LPS group, along with decreased Bcl-2 level. These changes were
significantly reversed in the LPS + SP and LPS + FA groups. The
decreased levels of Bax, caspase-3, Cyt-c and increased level of Bcl-2
were suppressed in the LPS + FA + anisomycin group (P < 0.05, Figure
5).

4. Discussion

Peripheral infection, such as intraperitoneal injection of LPS, can
induce the release of peripheral inflammatory factors that act on
the brain and cause sickness behavior[22]. Hence, intraperitoneal
administration of LPS can be used for preparing the animal model
of depression, which is an acute model simulating depression in
infectious diseases, and it could well mimic the clinical symptoms
of depression(23,24]. In this study, the LPS-treated mice exhibited

significant depression-like behaviors, which were independent of
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its motor-depressing effects[25]. Our results showed that locomotor
activity (travel distance and crossing numbers) was impaired
in both doses (0.6 and 1.0 mg/kg) at 6 h but not 24 h post-LPS
administration. Depressive behaviors were assessed in the SPT and
FST at 24 h post-treatment with LPS, a time-point when locomotor
activity returns to normal and depressive behaviors emerge.
Therefore, we identified that the enhancement of immobility in the
FST was a result of a depressive phenotype and not an impairment
of locomotor activity[22,26]. Pretreatment with FA could relieve
these depressive behaviors. Meanwhile, we used SP600125 and
anisomycin to confirm the role of p-JNK in the antidepressant
effect of FA. SP600125 could simulate the neuroprotective effect
of FA, while anisomycin exerted an opposing effect. The results
indicated that the JNK signaling pathway may be involved in the
antidepressant effect of FA.

LPS-induced TNF-a and IL-1 inflammatory factors could reach
the brain and lead to depression[22]. The role of these cytokines
in depression was first proposed by Smith and further confirmed
by other researchers[27.28]. In this study, we measured the changes
in TNF-a and IL-1p in depression-like behaviors in plasma. The
results showed that TNF-a and IL-1f levels were upregulated in

mice challenged by LPS, and these cytokines were decreased in FA
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Figure 5. Effects of FA on the expression of Bcl-2, Bax, caspase-3, and Cyt-c. (A) Representative bands of Bcl-2, Bax, and caspase-3 are shown. (B) Optical
density (O.D.) of Bcl-2, Bax, and caspase-3. (C) Representative bands of Cyt-c are shown. (D) O.D. of Cyt-c (mean + SD, n = 6). “P < 0.05 vs. the control
group; °P < 0.05 vs. the LPS group; °P < 0.05 vs. the LPS + FA group. LPS: lipopolysaccharide; SP: SP600125; FA: ferulic acid; Ani: anisomycin.
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treated mice. However, anisomycin, a JNK activator, counteracted
the effect of FA. These findings suggest FA could reduce the
inflammation induced by LPS via inhibition of JNK activation.
Previous research has shown that overexpressed immune cytokines
could activate microglia, which leads to pro-inflammatory mediator
release through JNK phosphorylation to mediate an inflammatory
response[29.30]. Activated JNK plays a pivotal role in the pathological
processes of depression, including inducing the release of
inflammatory cytokines and promoting neuronal cell apoptosis[7-
9,31]. Many previous studies have reported that abnormal p-JNK
levels exist in the depressive animal PFC and it can be improved
by antidepressant treatment[32,33]. Hence, inhibition of JNK
phosphorylation can relieve LPS-induced depression-like behaviors.
The rodent PFC, one part of the cerebral cortex, includes rostral
(pregenual), dorsal, and ventral (subgenual) regions[34]. The PFC
is a region in charge of emotions in the brain, and its dysfunction
is associated with depression. Therefore, we studied whether LPS-
induced depression-like behaviors were dependent on the PFC. Our
data showed the expression levels of p-JNK, TNF-a, and IL-1f were
increased in the PFC of mice challenged by LPS while the levels of
these factors were downregulated by FA. Moreover, it is interesting
that SP600125 administration showed the similar anti-inflammatory
effects to FA, and anisomycin administration after FA treatment
could partially block the anti-inflammatory effects of FA. These data
indicated that the suppression of increased inflammatory factors by
FA was mediated by inhibition of JNK phosphorylation, eventually
attenuating depression-like behaviors. Activation of microglia by
LPS is crucial for inducing inflammatory response and results in
depression in mice[35.36]. Recent research shows that FA plays an
anti-inflammatory role by targeting microglia[37]. In this process,
the microglia-mediated neuronal inflammatory response requires
the toll-like receptor 4/myeloid differentiation protein-2 complex
formation, whereas FA interferes with the complex binding site,
resulting in the inhibition of JNK phosphorylation and decreasing
levels of inflammatory factors|37.38]. Our findings were consistent
with these results. In future studies, we will evaluate whether
microglia are the target cells of FA in the LPS-induced depression-
like behaviors to gain more insight into the antidepressant effect of
FA.

Some studies indicate that dysfunction of mitochondria is crucial in
the development of depression, and neuronal apoptosis occurs along
with this illness[39-41]. Bcl-2 inhibits the mitochondrial membrane
permeability transition pore (mPTP, a group of a protein complex
found in membranes of the mitochondria) opening, then prevents
the pro-apoptotic factors in the mitochondrial membrane space
to enter into the cytoplasm, while Bax has reverse effects[42], and
an elevated ratio of Bax/Bcl-2 occurs during apoptosis cell death.
When the Bax/Bcl-2 ratio is elevated, mitochondrial mPTP opens,

Cyt-c is transferred from the mitochondrial membrane space to the
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cytoplasm, followed by activation of caspase-3 and ultimately leads
to cell apoptosis[43]. Consistent with this, our studies showed that
Bcl-2 expression was upregulated, while Bax, Cyt-c, and caspase-3
expression levels were decreased in FA pretreated mice. Hence,
the ratio of Bax/Bcl-2 was decreased, leading to the inhibition of
caspase-3 activity. Cyt-c is a protein that is specifically expressed
by mitochondria and is rarely detected in normal cytoplasm. The
release of Cyt-c from mitochondria into the cytoplasm induced
by LPS can further support the activation of the apoptosis
pathway. Moreover, previous studies suggest that the expression
of apoptosis-associated proteins is regulated by the JNK signaling
pathway[44]. The results of this present study showed that SP600125
administration possessed the anti-apoptotic effects similar to FA,
while anisomycin administration after FA treatment could partially
abolish these effects of FA. Our study demonstrates that FA could
inhibit mitochondrial apoptosis via inhibition of the INK pathway.
The role of mitochondria in the development of new antidepressants
has attracted intensive intention. Mitochondrial transplantation may
be a new therapeutic strategy for depression treatment[45].

In conclusion, FA suppressed inflammatory response and apoptosis
by inhibiting JNK activation, eventually attenuating depression-
like behaviors. Moreover, anti-inflammatory/apoptotic effects of
FA could be partially counteracted by anisomycin (JNK activator).
However, the antidepressant mechanism of FA requires more in-
depth molecular studies, and LPS-induced depression is only an
acute inflammatory response, which cannot summarize all the
processes of depression. Despite all this, FA can be developed as a
potential antidepressant with low toxicity to manage inflammation-

related depression.
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