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Abstract

Microglia play a crucial role in the inflammatory brain response to infection. However, overactivation of microglia is neurotoxic.
Toll-like receptor 4 (TLR4) is involved in microglial activation via lipopolysaccharide (LPS), which triggers a variety of
cytotoxic pro-inflammatory markers that produce deleterious effects on neuronal cells. Ferulic acid (FA) is a phenolic compound
that exerts antioxidant and anti-inflammatory effects in neurodegenerative disease. However, the manner in which FA inhibits
neuroinflammation-induced neurodegeneration is poorly understood. Therefore, we investigated the anti-inflammatory effects of
FA against LPS-induced neuroinflammation in the mouse brain. First, we provide evidence that FA interferes with TLR4
interaction sites, which are required for the activation of microglia-induced neuroinflammation, and further examined the
potential mechanism of its neuroprotective effects in the mouse hippocampus using molecular docking simulation and immu-
noblot analysis. Our results indicated that FA treatment inhibited glial cell activation, p-JNK, p-NFxB, and downstream signaling
molecules, such as iNOS, COX-2, TNF-«, and IL-1f3, in the mouse hippocampus and BV2 microglial cells. FA treatment
strongly inhibited mitochondrial apoptotic signaling molecules, such as Bax, cytochrome C, caspase-3, and PARP-1, and
reversed deregulated synaptic proteins, including PSD-95, synaptophysin, SNAP-25, and SNAP-23, and synaptic dysfunction
in LPS-treated mice. These findings demonstrated that FA treatment interfered with the TLR4/MD2 complex binding site, which
is crucial for evoking neuroinflammation via microglia activation and inhibited NFB likely via a JNK-dependent mechanism,
which suggests a therapeutic implication for neuroinflammation-induced neurodegeneration.
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Introduction

Activated glial cells are the hallmark of neuroinflammation
and various neurodegenerative diseases, including
Parkinson’s disease (PD) and Alzheimer’s disease (AD)
[1, 2]. Activated microglia in the central nervous system
(CNS) trigger a variety of cytotoxic pro-inflammatory markers
and reactive oxygen species (ROS), which produce detrimental
effects on CNS [3-5]. Activation of these inflammatory medi-
ators boosts neuronal injury via a receptor-dependent apoptotic
pathway [6, 7]. Toll-like receptors are involved in lipopolysac-
charide (LPS)-induced microglial activation, which activates
nuclear factor kappa B (NFiB). NFB is a critical transcription
factor for the induction of inflammatory mediators. A previous
study suggested the involvement of toll-like receptor 4 (TLR4)
in association with myeloid differentiation factor 2 (MD-2) for
LPS physiological recognition [8, 9]. The nuclear translocation
of NFxB involves the phosphorylation and degradation of
NFgB-bound IkB via IKK phosphorylation, which results in
the expression of pro-inflammatory mediators, including
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase
(iNOS), and cytokines [10]. Another study suggested that
the phospho-C-jun N-terminal Kinase (JNK)/mitogen-acti-
vated protein kinases (p38MAPK) signaling pathway con-
tributed to neuronal cell death during inflammatory pro-
cesses [11]. Pro-inflammatory cytokines exhibit many sig-
nificant physiological functions in the CNS. However, the
overproduction and deregulation of pro-inflammatory cyto-
kines from active microglia contribute to chronic neurode-
generative diseases, including AD, PD, and multiple scle-
rosis, and acute neurodegenerative conditions, such as
stroke and traumatic brain injury [12—15]. A recent study
demonstrated that the overproduction of pro-inflammatory
cytokines leads to synaptic dysfunction and neuronal cell
death [16].

Lipopolysaccharide (LPS) plays an important role in the
pathogenesis of the inflammatory response and microglial ac-
tivation [17]. LPS triggers mitogen-activated protein kinases
(MAPKSs), which are involved in the release of cytotoxic fac-
tors, including nitric oxide (NO), COX-2, interleukin-6 (IL-6),
and interleukin-1 beta (IL-13) [18, 19]. Several studies dem-
onstrated that LPS activated the NFgB-regulated immune re-
sponse via the MAPK signaling pathway [20, 21]. LPS induces
an overproduction of ROS, which leads to microglial activa-
tion and the induction of a neuroinflammatory process that
further contributes to neuronal damage and neurodegener-
ative disorders [22, 23]. Therefore, the inhibition of
microglial activation and the overproduction of pro-
inflammatory mediators and cytokines is a potential neuro-
protective treatment strategy.

Ferulic acid (FA) is a well-known phenolic compound
that is abundant in fruits, cereals, coffee, and vegetables,
and it may exert beneficial effects against diabetes,

cardiovascular disease, cancer, and neurodegenerative dis-
eases [24, 25]. FA exhibits free radical-scavenging, anti-
oxidant, and anti-inflammatory properties in various neu-
rodegenerative diseases and neuroprotective activity
against focal cerebral ischemia via modulation of apopto-
tic protein expression and regulation of the inflammatory
reaction [26-28]. FA also prevented (3 amyloid-induced
toxicity in vivo [29].

The effect of FA on microglia-mediated neuroinflam-
mation via activation of TLR4 receptor signaling is not
known. The present study investigated the effects of FA
on LPS-induced microglial activation in mouse hippocam-
pus and BV2 microglial cells. We report for the first time
that FA exerted its neuroprotective effects via modulation
of TLR4 interaction sites that are crucial for activation of
the neuroinflammatory cascade and via a JNK-dependent
mechanism in microglia cells. FA may interfere with the
TLR4-MD?2 complex, which is required for the activation
of microglia-mediated neuronal inflammation and
neurodegeneration.

Materials and Methods

Lipopolysaccharide and FA were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA). SP600125
was purchased from Santa Cruz Biotechnology, USA.

Microglial Cell Culture Treatment

BV2 cells were kindly provided by Dr. I. W. Choi (Inje
University, South Korea) and grown in DMEM supplemented
with 10% fetal bovine serum (FBS) and antibiotics (penicillin/
streptomycin). Cells were maintained in an incubator
(37 °C) with 5% CO,. Cells were preincubated with FA
and inhibitors for 2 h in all experiments followed by post-
incubation with LPS for 24 h. The following cell treat-
ments were used: (1) control (C) incubated in DMEM, (2)
FA treatment (10-100 uM), (3) LPS treatment 1 pg/ml,
(4) LPS plus FA (10 and 100 uM) treatment, (5) LPS plus
FA (100 uM) treatment, (6) LPS plus TAK242 (2 uM)
treatment, and (7) LPS plus SP600125 (20 uM) treatment.
Western blot analysis was performed 24 h after treatment.

Animals and Drug Treatments

Male C57BL/6N mice (25-30 g, 8 weeks of age) were pur-
chased from Samtako Bio (Korea) and housed under a 12/12-
h light and dark cycle at 23 °C and 60 + 10% humidity. Food
and water were provided ad libitum. Mice were acclimatized
for 1 week and randomly assigned to four groups (=15 in
each group). FA treatment was started 4 days prior to and
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continued throughout the 7 days of LPS injection. The treat-
ment schedule was as follows:

*  Control mice (C) treated with saline as a vehicle for 7 days
*  Mice treated with LPS (0.33 mg/kg, i.p.)

*  Mice treated with LPS (0.33 mg/kg, i.p.) plus FA (20 mg/kg)
*  Mice treated with FA alone (20 mg/kg)

FA was initially dissolved in 1% dimethyl sulfoxide
(DMSO), diluted with saline and orally administered to mice.
Figure 9a describes the treatment schedule. All experimental
procedures and techniques used in this study were performed
in accordance with the rules established by the animal ethics
committee of the Division of Applied Life Sciences,
Department of Biology, Gyeongsang National University,
South Korea.

Protein Extraction

Mice were killed after treatment, and the brains were removed
(n =38 each group). The cortex and hippocampus were care-
fully dissected and frozen at — 80 °C. The hippocampus tissue
was homogenized in 0.2 M phosphate-buffered saline (PBS)
containing a protease inhibitor cocktail followed by centrifu-
gation. Proteins were stored at — 80 °C for further analysis.

Western Blot Analysis

Western blot analysis was performed as previously described
[30]. Briefly, the protein concentration was determined using a
Bio-Rad protein assay kit (Bio-Rad Laboratories, CA, USA)
according to the manufacturer’s instructions. An equal volume
of protein (20-25 png) was electrophoresed in 4-12% Bolt™
Mini Gels (Novex; Life Technologies, Kiryat Shmona, Israel).
Membranes were blocked in 5% (w/v) skim milk to reduce
nonspecific binding, incubated with primary antibodies over-
night at 4 °C, and incubated with horseradish peroxidase-
conjugated secondary antibodies. Proteins were detected
using ECL detecting reagents. Loading was normalized using
an antibody against beta-actin.

Antibodies

Table 1 lists the antibodies used for immunoblot and immu-
nofluorescence (Supp. Fig 1).

Tissue Collection and Sample Preparation

Male mice (n=7 each group) were perfused transcardially
with saline followed by ice-cold 4% paraformaldehyde.
Brains were post-fixed in 4% paraformaldehyde for 72 h and
transferred to sucrose (20%) for 48 h. Brains were frozen in
OCT compound (AO USA) and sectioned at a thickness of
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14 um using a cryostat (Leica, Germany). Sections were thaw-
mounted on ProbeOn Plus Charged Slides (Fisher, Rockford,
IL, USA). Slides were stored at —80 °C for further
immunobhistological study.

Immunofluorescence Staining

The hippocampus and cortical regions were selected for immu-
nofluorescence analyses. Sections were washed twice (8—
10 min) in 0.1 M PBS solution and incubated with a blocking
solution (0.1% Triton X-100 and 2% normal goat/rabbit serum
in 0.1 M PBS) for 60 min at room temperature. The slides were
incubated (overnight) at 4 °C in primary antibodies: anti-GFAP,
anti-TNF-«, anti-NFgB, anti-caspase-3, and anti-SNAP-23
(Santa Cruz Biotechnology, USA) diluted 1:100 in blocking
solution. The sections were incubated (90 min) with
tetramethylrhodamine isothiocyanate (TRITC) and fluorescein
isothiocyanate (FITC)-labeled (1:100) secondary antibodies
(Santa Cruz Biotechnology, USA). The sections were mounted,
incubated with 4',6’-diamidino-2-phenylindole (DAPI) for 8-
10 min, and covered with glass coverslips using mounting me-
dium. A confocal laser-scanning microscope (Flouview FV
1000 MPE) was used to examine the immunofluorescence.

Measurement of ROS Production

ROS production was measured using the DCF-DA assay, as
previously described [31] with some modification.

Fluoro-Jade B Staining

Fluoro-Jade B (Cat# AG310, Millipore, USA) staining was
performed as previously described (Badshah et al. 2016b).
Briefly, hippocampal and cortical tissue sections from the
treated mouse groups were air-dried overnight, washed twice
with PBS for 10 min, and immersed in a solution of NaOH
(1% wlv) and ethanol (80% v/v) for 5 min. The slides were
washed with ethanol (70% v/v) for 2 min followed by a wash
with distilled water. Slides were immersed in a KMNQO, solu-
tion (0.06% w/v) for 10 min and washed with distilled water.
The slides were transferred to FIB solution (0.01% v/v) con-
taining acetic acid (0.1%) for 15 min. Slides were washed 3
times for 1 min with distilled water and placed in an incubator
for 5 min to dry at a warm temperature. Glass coverslips were
mounted in DPX (nonfluorescent mounting medium). Images
were captured using confocal laser scanning microscopy
(Flouview FV 1000 MPE).

Determination of Lipid Peroxidation
A lipid peroxidation (LPO) quantification assay was per-

formed as previously described with some modification [32].
Free malondialdehyde (MDA) in the hippocampi of LPS- and
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Fig. 1 Ferulic acid inhibited glial cell activation and the TLR4-mediated
signaling pathway in the LPS-treated mouse hippocampus. a
Representative immunoblots showing the expression levels of Iba-1 and
GFAP probed with specific antibodies. Mice were pretreated with FA for
4 days followed by LPS treatment and oral FA treatment for 7 days (n="7
mice/group). b Representative immunofluorescence analysis of Iba-1 and
TLR4 colocalization in cortex region treated with LPS and LPS plus FA
(n="7 mice/group). ¢ FA is shown as a ball and stick model. Golden, red,
and white colors represent carbon, oxygen, and hydrogen, respectively.

FA-treated mouse groups was assessed using a thiobarbituric
acid-reactive substance (TBARS) assay kit (BioVision, USA)
according to the manufacturer’s instructions. Absorbance was
measured using a microplate reader at 532 nM. The MDA
content is expressed as nanomoles per milligram of protein
in the tissue homogenate.
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Ferulic acid-interacting residues of TLR4 are depicted as purple-colored
thin sticks, while hydrogen bonds are displayed as black dashed lines. d
2D representation of molecular interactions of TLR4-FA complex. Black-
circled green discs show hydrogen bond formation, while light dark
spheres portray TLR4 residues that are involved in van der Waals
interactions. Magnification x10. Statistical analysis was done using
one-way ANOVA followed by post hoc analysis. **P < 0.01 vs. control
group; ##P < 0.01 vs. LPS group

Behavioral Analysis

Mouse behavior was assessed using the Morris water maze
(MWM) test (n=15). The MWM apparatus was a circular
water tank (100 cm in diameter and 40 cm in height) filled
with 25 °C water to a depth of 15.5 cm. The water was made
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opaque using white ink. A platform 10 cm in diameter and
14.5 cm in height (i.e., 1 cm below the water surface) was
placed hidden in the middle of one quadrant of the tank.
Mice received four training periods/day for four consecu-
tive days prior to treatment, followed by 4 days of rest.
Mice were given 60 s for each trial to find the platform,
and mice were allowed to remain on the platform for 30 s.
The latency to escape from the water was calculated for four
consecutive days. The probe test was performed on day 5
with the hidden platform removed from the maze, and the
mice were allowed to swim for 60 s. The latency to the
platform, time spent in the target and three nontarget quad-
rants, and number of crossings over the platform were cal-
culated. Mice were sacrificed after the probe test for further
biochemical and histological analyses. A video tracking
system (SMART, Panlab Harvard Apparatus, Bioscience
Company, USA) was used to record and quantitate mouse
swimming.

Molecular Docking of Ferulic Acid in TLR4

Genetic Optimization of Ligand Docking (GOLD v5.2.2) [33]
was used to dock FA into its binding site on TLR4. The X-ray
structure of TLR4 (PDB ID 2Z65) with 2.7 A resolution was
obtained from the RCSB Protein Data Bank (www.rcsb.org)
[34, 35]. All water molecules, heteroatoms, co-crystallized
protein, and nonprotein structures were removed from the
TLR4 structure prior to docking, and hydrogen atoms were
added in Discovery Studio (v4.5). The suitable binding site for
small molecules on TLR4 was identified from previously pub-
lished literature [34, 36, 37]. The binding site was carefully
defined as the area within 9 A from the most crucial residues
Ser183 and Asp209 of TLR4 and Argl06 of MD2 [34]. A
total of 50 conformational poses of FA were created using the
genetic algorithm (GA) module implanted in GOLD. The
piecewise linear potential (ChemPLP) and Astex statistical
potential (ASP) scores were used as default scoring and
rescoring functions, respectively, to evaluate the best pose
orientation [38]. The best-oriented pose was selected on the
basis of the highest ChemPLP and ASP scores and the hydro-
gen bond interactions with TLR4 residues crucial for interac-
tion with MD2. The docking results were analyzed using
Discovery Studio and Visualization of Molecular Dynamics
(VMD) software.

Statistical Analysis

Scanned immunoblots were analyzed using densitometry in
Sigma gel software (SPSS Inc., Chicago, IL). ImagelJ soft-
ware was used to analyze immunohistological images. The
values were calculated as the means = SEM and analyzed
using one-way ANOVA followed by post hoc analysis.
Statistical analyses were performed using GraphPad Prism
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5 software. P < 0.05 was considered statistically significant.
*P<0.05, **P<0.01, and ***P <0.01 represent signifi-
cant differences between control and LPS; #P < 0.05, ##P
<0.01, and ###P < 0.01 represent significance differences
between LPS and LPS plus FA, TAK242, and SP600125,
respectively.

Results

Ferulic Acid Inhibited LPS-Induced
Neuroinflammation via a TLR4-Mediated Signaling
Pathway in the Mouse Hippocampus

Several studies reported LPS-induced microglia and astro-
cyte activation in animal models and cell cultures [39]. We
examined microglia and astrocyte activation in the mouse
hippocampus using Western blot analysis to investigate
whether FA inhibit glial activation in LPS-treated mouse
hippocampus. Our results indicated a higher level of Iba-1
(a marker of activated microglia) and GFAP (a marker of
activated astrocytes) in the hippocampi of mice treated
with LPS (0.33 mg/kg, i.p.) compared to the saline-
treated group. FA (20 mg/kg/day) pretreatment significant-
ly (P<0.01) reduced GFAP and Iba-1 levels in the mouse
hippocampus compared to the group treated with LPS
alone (Fig. 1a). Brain tissues were examined using immu-
nofluorescence techniques to analyze active microglia and
TLR4 activation in LPS-treated mice. Our findings re-
vealed an increase in the number of active microglia and
TLR4, which colocalized in the cortical region of the LPS-
treated mice compared to the saline-treated mice. However,
microglia activation and increased TLR4 expression were
significantly abolished with LPS plus FA treatment
(Fig. 1b), which suggests that FA treatment protects the
mouse brain against neuroinflammation-mediated neuro-
toxicity. A previous study demonstrated that TLR4 formed
a heterodimer with myeloid differentiation factor 2 (MD2).
This complex specifically recognizes lipopolysaccharide
(LPS) and induces TLR4-mediated stimulation [36, 40].
FA suppressed LPS-induced TLR4 activation in our in vivo
analysis. Therefore, we examined the predicted binding of
FA with TLR4 using molecular docking simulation. FA
docking on TLR4 exhibited a highest ChemPLP score of
51.28 and highest ASP score of 20.61. The docking results
demonstrated that FA targeted the crucial binding site of
TLR4 and disrupted TLR4-MD2 complex formation. The
3D structural analysis of the TLR4-FA complex demon-
strated that FA was sandwiched between Asp209 and
Trp256 and formed polar interactions with these sites.
The detailed molecular interaction analysis suggested that
FA established polar interactions with TLR4 residues. Our
docking results revealed that the methoxy group of FA
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formed hydrogen bonds with the side chain oxygen of
Asp209 and the Ne of His179, with bond distances of
2.8 A each (Fig. lc). Asp209 plays a critical role in the
polar interaction of TLR4 and MD?2 to form a stable com-
plex. Therefore, we claim that the hydrogen bond forma-
tion of Asp209 with FA may disrupt TLR4-MD2 complex.
This mechanism of TLR4 inactivation was reported previ-
ously [34, 37, 41]. Our docking analysis also predicted a
hydrogen bond interaction between the hydroxyl group of
FA and the carbonyl oxygen of Asp234 in TLR4 with a bond
distance of 1.9 A (Fig. 1c). The polar interaction of Asp234
with a small molecule inhibitor played an essential role in
disruption of the TLR4-MD2 complex [41]. Our results also
predicted hydrogen bond formation between the phenolic ox-
ygen of FA with the side chain of Lys254 and carbonyl oxygen
of FA with the side chain of Trp256 with bond distances of 1.8
and 3.0 A, respectively (Fig. 1e). These newly identified hy-
drogen bond interactions likely further stabilize FA in the
TLR4 binding site. We also observed 7t-7t stacked interactions
between the phenolic group of FA and the indole group of the
nonpolar side chain of Trp256. Other residues formed van der
Waals interactions are depicted in Fig. 1d. The polar interac-
tions remained the essential driving forces of the TLR4-MD2
complex. Therefore, our docking results suggest that FA dis-
rupts the TLR4-MD2 complex via formation of polar interac-
tions with TLR4. The topological orientation (Fig. S1) of FA
revealed that it was sandwiched between the MD2-binding
residues Asp209 and Trp256 of TLR4 [41]. We proposed that
the disruption of the TLR4-MD2 complex by FA eradicated
the LPS binding cavity and abolished LPS toxicity in treated
mouse brains. We examined the immunoreactivity of the
activated JNK and GFAP using confocal microscopy. The
results demonstrated that active JNK and GFAP immunoreac-
tivity was higher in LPS-treated mouse hippocampal and cor-
tical regions, and FA treatment significantly abolished the
LPS-induced increase (Fig. 2a, b).

We examined LPS-evoked TLR4 expression in
microglial cells and the downstream signaling molecules
involved in neuroinflammation-mediated toxicity in the
brain. Western blot results clearly demonstrated higher ex-
pression levels of TLR4 and downstream signaling mole-
cules, including p-JNK, p-IKK-f3, and p-NFgB, in the hip-
pocampi of mice treated with LPS compared to the saline-
treated group (Fig. 3a, b). Notably, FA treatment significant-
ly attenuated these inflammatory mediators via inhibition of
TLR4 in LPS-treated mice. These findings were supported in
the immunofluorescence staining of the nuclear transloca-
tion of NFgB in LPS-treated mice and FA inhibition of trans-
location in hippocampal CA1 and DG regions of mice
(Fig. 3c). These results suggest that FA protected against
neuronal toxicity via modulation of microglia-induced
neuroinflammatory activity via the TLR4 signaling pathway
in the mouse brain.

Ferulic Acid Inhibited Upregulated Inflammatory
Markers in BV2 Cells

TLR4 binding to LPS initiates an inflammatory cascade in
microglia that involves NFgB activation [39, 42, 43]. We in-
vestigated the TLR4-mediated expression of p-JNK, NFgB,
and inflammatory mediators, including iNOS and TNF-o pro-
teins, in LPS-treated BV2 cells and the possible reversal ef-
fects of FA against these inflammatory mediators in a
concentration-dependent manner. Western blot demonstrated
that LPS (1 pg/ml) treatment increased p-JNK, NFgB, iNOS,
and TNF-« levels. However, FA (10 and 100 uM) significant-
ly inhibited the production of these neuroinflammatory medi-
ators in a concentration-dependent manner (Fig. 4a—e). FA
(100 uM) was more effective. These observations suggest that
FA exhibited a potent anti-inflammatory effect against LPS-
induced neuroinflammation via a microglial TLR4-mediated
signaling pathway.

Ferulic Acid Treatment Inhibited TLR4-Mediated
Inflammatory Signaling in BV2 Microglial Cells

Figure 5a shows that the exposure of BV2 cells to LPS (1 pg/
ml) increased TLR4 expression. However, FA (100 uM) treat-
ment significantly reversed the increased expression of TLR4.
Treatment of LPS-treated BV2 cells with the TLR4-specific
inhibitor TAK242 also inhibited TLR4 activation in a similar
manner as FA. We investigated the TLR4 downstream signal-
ing molecules, including p-JNK and p-NFgB, and TAK242
(2 uM) and FA (100 uM) significantly inhibited these mole-
cules. Our results suggest that FA exhibited potent anti-
inflammatory effects via a TRL-4-mediated signaling path-
way. Previous studies reported that MAPK regulated p-
NFgB activation. Therefore, we investigated the effects of
FA treatment on p-JNK and p-NFgB in BV2 microglial cells.
Notably, FA treatment inhibited p-NFxB activation in a JNK-
dependent manner. Figure Sb shows that FA (100 uM) and
SP600125 (20 uM) significantly inhibited p-NFgB in a JNK-
dependent manner. Therefore, FA treatment inhibited the in-
flammatory response via TRL-4 inhibition and inhibition of p-
NFkB via a INK-dependent mechanism.

Ferulic Acid Treatment Inhibited the Inflammatory
Response in the Mouse Hippocampus

We observed the activation of neuroinflammatory mediators
in the mouse hippocampus to confirm the TLR4-mediated
inflammatory response. Our results clearly demonstrated an
increase in the activation of inflammatory mediators, includ-
ing iNOS, COX-2, TNF-«, and IL-1f3, in the LPS-treated
mouse hippocampus compared to saline-treated control mice.
However, FA treatment significantly inhibited the increased
expression of these inflammatory mediators in the mouse
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Fig. 2 Ferulic acid abolished the activation of JNK and astrocytes in the
LPS-treated mouse cortex and hippocampus. a Immunofluorescence
results indicating p-JNK in the hippocampal DG region among the
treated groups. b The active astrocytes immunostained with GFAP

hippocampus (Fig. 6a). The immunofluorescence analysis of
TNF-« further supported these findings. Our Western blot
results revealed that increased TNF-« levels were observed
in the DG and CA3 regions of LPS-treated mice compared to
saline-treated mice. Notably, FA significantly reduced TNF-o¢
levels in the abovementioned regions compared to mice treat-
ed with LPS alone (Fig. 6b).

Ferulic Acid Attenuated LPS-Induced Oxidative Stress
in the Mouse Hippocampus

Oxidative stress is a hallmark of various neurodegenerative
disorders, including AD and PD. Elevated ROS concentra-
tions produce direct neuronal toxicity and may be implicated
in microglia activation via the modification of signaling
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(marker of astrocytes). ImageJ software was used to quantify the
immunohistological analysis (n =7 mice/group). Magnification x10.
Statistical analysis was done using one-way ANOVA followed by post
hoc analysis. **P <0.01 vs. control group; ##P < 0.01 vs. LPS group

events [22, 44]. Our results demonstrated that LPS treatment
markedly increased the ROS level in the mouse hippocampus
compared to saline-treated mice, and FA treatment significant-
ly (P <0.01) attenuated this increase (Fig. 7a). A lipid perox-
idation assay revealed an increase in MDA in the LPS-treated
mouse group, and FA reduced this increase in the mouse hip-
pocampus (P<0.01) (Fig. 7b). These observations suggest
that FA prevented LPS-evoked oxidative stress-induced neu-
ronal toxicity in the mouse brain.

Ferulic Acid Attenuated LPS-Induced Activation
of the Mitochondrial Apoptotic Pathway

Debatin and coworkers reported that the mitochondrial apo-
ptotic pathway involves the release of mitochondrial
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Fig. 3 Ferulic acid inhibited inflammatory mediation in mice
hippocampus. a, b Representative immunoblots and histograms of
TLR4, p-INK, p-IKK-f3, and p-NFgB in experimental groups. ¢
Representative photomicrograph of the immunofluorescence analysis of
p-NFgB in experimental groups. For immunoblot analysis, Sigma gel
software was used to quantify the bands. The same immunoblots were
probed using (3-actin as a loading control. ¢ The nuclear colocalization of

cytochrome C, activated caspase-9, caspase-3, and pro-
apoptotic Bax [45]. Activated microglia induce neuronal apo-
ptosis via inflammatory cytokine production [46]. C-jun N
terminal kinase (JNK) plays a pivotal role in the regulation
of neuronal apoptosis [47]. Western blot was performed to
investigate the protective effect of FA against the LPS-
induced mitochondrial apoptotic pathway. Our findings re-
vealed that LPS administration increased the levels of cyto-
chrome C release, cleaved caspase-3, cleaved PARP-1, and

Relative integrated density

CA1 DG

the activated p-NFgB among the treated groups. Values are expressed in
arbitrary units (AU) as the mean + SEM for the indicated proteins (n =8,
each group). Imagel software was used to quantify the
immunohistological analysis (n =7 mice/group). Magnification x10 for
immunofluorescence analysis. Statistical analysis was done via one-way
ANOVA followed by post hoc analysis. **P<0.01 vs. control group;
##P <0.01 vs. LPS group

Bax compared to the saline-treated mouse group. However,
the increased levels of the apoptotic markers were obviously
rescued in FA-treated mice (Fig. 7c). We examined the in-
creased expression of caspase-3 using immunofluorescence.
Figure 7d illustrates the increased caspase-3 levels in the LPS-
treated mouse hippocampal CA3 region and cortex. FA treat-
ment significantly lowered caspase-3 immunoreactivity in the
hippocampus and cortex. We also observed an increase in pro-
apoptotic Bax levels in BV2 microglia cells following LPS
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Fig. 4 Ferulic acid attenuated the JNK/NFgB inflammatory signaling
pathway and apoptosis in LPS-stimulated BV2 microglia cells. a
Representative Western blots and histograms of p-JNK, p-NFgB, iNOS,
TNF-«, and Bax in the LPS-treated and FA-treated groups. The same
immunoblots were probed using (3-actin as a loading control. Values are

stimulation. However, FA (10 and 100 uM) significantly re-
duced the increased Bax levels in BV2 microglial cells
(Fig. 4e), which suggests an anti-apoptotic activity of FA in
microglia-induced apoptosis in the mouse brain.

Ferulic Acid Inhibited LPS-Induced
Neurodegeneration in the Mouse Hippocampus

FIB staining was performed to examine dead neuronal cells.
Our histological results revealed an increase in FJB-positive
neuronal cells (dead cells) in the cortex and hippocampal
CA3 region following LPS administration compared to the
saline-treated mouse group. FA and LPS co-treatment signifi-
cantly reduced the number of damaged neurons in the
abovementioned regions of the mouse brain, which suggests
that FA was protective against neuroinflammation-induced neu-
rodegeneration in the mouse brain (Fig. 7e).
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Ferulic Acid Protected Against Synaptic Marker Loss
in LPS-Treated Mouse Hippocampus

The neuroinflammatory processes via microglia activation
contributes to several neurodegenerative diseases [48, 49].
Previous research demonstrated that cytokine administra-
tion or other immunogenic stimuli, particularly LPS, im-
paired hippocampus-dependent memory [50, 51]. We ex-
amined the effect of FA on the LPS-induced deregulation
of synaptic proteins using Western blot. Our results demon-
strated that the expression of memory-related proteins, in-
cluding synaptophysin, SNAP-25, PSD-95, and SNAP-23,
significantly (P <0.01) declined in the LPS-treated mouse
hippocampus compared to the saline-treated group, and FA
treatment reversed these effects and effectively increased
the expression levels of synaptic proteins and rescued neu-
ronal dysfunction in the mouse group treated with LPS plus
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Fig. 5 Effect of ferulic acid on the TLR4-mediated signaling pathway in
BV2 microglial cells. a Given are the representative Western blots and
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then stimulated with LPS (1 pg/ml) for 24 h. b Representative Western
blots and histograms of p-JNK and p-NFgB in LPS-treated BV2 cells.
BV2 cells were incubated with FA (100 uM) and SP600125 (20 uM) for

FA (Fig. 8a). We investigated SNAP-23 protein expression
using immunofluorescence staining in the LPS-treated
mouse hippocampus and found a reduction in the expres-
sion level of the synaptic marker SNAP-23 in the LPS-
treated mouse hippocampus compared to the saline-
treated group. FA treatment significantly (P <0.01) re-
versed this reduction in the mouse hippocampus (Fig. 8b).
We concluded that FA treatment regulated LPS-induced
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2 h and then stimulated with LPS (1 pg/ml) for 24 h. The same
immunoblots were probed using (3-actin as a loading control. Values are
expressed in arbitrary units (AU) as the mean + SEM for the indicated
proteins. Statistical analysis was done using one-way ANOVA followed
by post hoc analysis. **P <0.01 vs. control group; ##P <0.01 vs. LPS

group

synaptic dysfunction via regulation of the TLR4-mediated
signaling pathway in the mouse hippocampus.

Ferulic Acid Treatment Rescued Cognitive Deficits
in LPS-Treated Mice

Previous studies reported that LPS administration pro-
duced deficits in spatial learning and memory in the
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expression levels of inflammatory mediators including iNOS, COX-2,
TNF-«, and IL-1p were assessed using Western blot analysis in the
mouse hippocampus treated with LPS and FA (n =38). In each case, the
same immunoblots were probed using (3-actin as a loading control. Sigma
gel software was used to quantify protein bands. The density values are

MWM test [52]. Our study demonstrated that LPS admin-
istration for 7 days caused deficits in spatial learning dur-
ing training days, which was indicated as a longer escape
latency to the hidden platform in the LPS-treated mouse
groups than the normal saline-treated mice. However, FA
treatment significantly improved the spatial learning def-
icits, which was indicated as a shorter escape latency to
the hidden platform in the LPS plus FA-treated mice than
the mice treated with LPS alone (Fig. 8c). There was no
significant difference in escape latency between the
saline-treated mouse groups and the LPS plus FA-treated
mouse group. Our findings revealed that FA treatment
improved memory performance in LPS-treated mice. We
examined the latency to the platform on day 5. Our results
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expressed in arbitrary units (AU) as the mean + SEM. b Representative
images of the immunofluorescence staining of TNF-« in the mouse
hippocampal CA1 and DG regions of the treated mouse groups (n=7).
Image] software was used to quantify the immunohistological analysis.
Magnification x10 for immunofluorescence analysis. Statistical analysis
was done using one-way ANOVA followed by post hoc analysis. *P <
0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. LPS group

demonstrated a longer latency in the LPS-treated mouse
group than the saline-treated mice, which was significant-
ly (P <0.05) reduced in the LPS plus FA-treated mice
(Fig. 8d). The LPS-treated mouse group exhibited spatial
memory deficits, which was demonstrated by the shorter
time spent in the target quadrant and the fewer platform
crossings during the probe trial on day 5 compared to the
saline-treated group. Notably, FA treatment reversed the
effects and significantly (P <0.05) increased the number
of crossings and time spent in the target quadrants, which
indicates that FA treatment improved spatial learning and
memory in the LPS-treated mouse group via modulation
of microglia-induced neuroinflammation in the mouse
hippocampus (Fig. 8e, f).
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Discussion

Neuroinflammation is characterized by an abnormal stimula-
tion of microglia in the central nervous system. These cells
secrete various inflammatory mediators and increase oxidative
stress, which eventually leads to neurological abnormalities in
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region of the hippocampus (n=7). e Confocal microscopic images
represent FIB-positive neuronal cells (dead cells) in the cortex and CA3
region of the treated groups. For immunoblot analysis, 3-actin was used
as a loading control. Bands were quantified using Sigma gel software.
Image] software was used to quantify the images. Magnification x10.
Values are expressed in arbitrary units (AU) as the mean+ SEM.
Statistical analysis was done using one-way ANOVA followed by post
hoc analysis. **P < 0.01 vs. control group; ##P <0.01 vs. LPS group

the brain [53, 54]. Therefore, the inhibition of microglia and
secreted mediators may be potential therapeutic targets to
attenuate neuronal cell death. Our study demonstrated that
FA exhibited an inhibitory effect on neuronal cell death in
LPS-stimulated microglia via the TLR4-mediated JNK/
NFgB signaling pathway in the mouse hippocampus and
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Fig. 8 Ferulic acid treatment reversed LPS-induced deregulation of
synaptic markers and memory impairment in mice. a The immunoblots
and histograms of synaptic markers including PSD-95, synaptophysin,
SNAP-25, and SNAP-23 in the LPS- and FA-treated mouse
hippocampus. In each case, the same immunoblots were probed using
[3-actin as a loading control. Sigma gel software was used to quantify the
bands. b Representative images of the immunofluorescence staining of
SNAP-23 in the CA1 and DG regions of the hippocampus (n = 7). Imagel
software was used for the quantification of the immunohistological

BV2 microglial cells. FA reversed the inflammation-
induced neuronal degeneration and memory deficits in
LPS-treated mouse brains.

Thirteen murine and 11 human TLRs play an important
role in immune responses [9, 55]. TLR4 is an important mem-
ber of the TLR family and was extensively studied. TLR4 is
expressed on microglia and macrophages that recognize LPS
on gram-negative bacteria [12]. LPS binds to TLR4 and initi-
ates microglia cell activation [22]. TLR4 expression was
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upregulated in BV2 microglia cells after 24 h of LPS stimu-
lation [56].

TLR4-mediated IKK-NF¢B-JNK activation is a well-
recognized signaling pathway in inflammatory responses
[57, 58]. The present study demonstrated that LPS adminis-
tration activated glial cells in the mouse hippocampus, and FA
treatment significantly reduced glial cell activation. An inhib-
itory effect of FA on active astrocytes and microglia was re-
ported in APP/PS1 mice [59]. A recent study demonstrated
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that TLR4 triggered an inflammatory response via activation
of NFiB [60]. IKK[3 phosphorylation leads to the activation
of NFgB and its nuclear translocation [61]. Therefore, we
examined the hippocampal levels of TLR4 activation, p-
IKK and p-NFgB, which exhibited increased expression in
response to LPS treatment. FA treatment significantly abro-
gated these effects. We examined the predicted binding of FA
with TLR4 using molecular docking simulation to further in-
vestigate whether the inhibitory effects of FA involved direct
interaction of the TLR4. Our results demonstrated that FA
targeted the crucial binding site of TLR4 and disrupted
TLR4-MD2 complex formation. Previous studies confirmed
the involvement TLR4 in association with MD?2 for LPS phys-
iological recognition [8, 9]. We observed an increase in JNK
phosphorylation in the LPS-treated mouse hippocampus, and
FA treatment significantly reduced this increase. A recent
study reported that FA exerted anti-inflammatory activity in
the RAW264.7 cell line stimulated with LPS via inhibition of
iNOS, TNF-«, and IL-6 [62]. The present study investigated
inflammatory mediators, including p-JNK, p-NFgB, iNOS,
and TNF-«, in LPS-treated BV2 cells. FA exerted obviously
inhibitory effects at two different concentrations, which is

dysfunction

consistent with a previous report [63]. TRL4 activation follow-
ing LPS stimulation activated the IKK complex. This complex
phosphorylate 1kB is degraded to allow the nuclear transloca-
tion of NFiB [64, 65]. The TLR4 inhibitor TAK-242 was used
in LPS-stimulated BV2 cells to elucidate the mechanism of the
TLR4-mediated inflammatory response. Our results clearly
demonstrated that TAK-242 inhibited LPS-induced TLR4 ac-
tivation and p-JNK and p-NFgB, which suggests an antagonis-
tic effect against LPS-evoked TLR4 and downstream signaling
molecules. FA treatment exerted similar effects against TLR4
activation and downstream signaling molecules in LPS-treated
microglia cells. Several studies reported that MAPK regulated
NFgB-dependent gene transcription. LPS-treated BV2 cells
were treated with a JNK-specific inhibitor (SP600125) and
FA to elucidate whether JNK regulated NFB activation and
the possible regulatory effects of FA. SP600125 inhibited JNK
activation and regulated NFB activation in microglia cells. FA
treatment also regulated NFgB phosphorylation via a JNK-
dependent mechanism. We evaluated inflammatory mediators
in the LPS-treated mouse hippocampus and the possible rever-
sal effects of FA. Our results demonstrated enhanced inflam-
matory mediator production in the LPS-treated mouse
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hippocampus, and FA obviously inhibited the production of
these inflammatory mediators.

Neuroinflammation and oxidative stress are the critical
hallmarks of neuronal cell apoptosis. Several studies reported
LPS-induced neuronal apoptosis in animal models [66, 67].
Our data clearly demonstrated that LPS treatment induced
neuronal apoptosis in the mouse hippocampus via microglia
activation. We observed increased expression of Bax, cyto-
chrome C release, cleaved caspase-3, and the DNA damage
marker (PARP1) in the mouse hippocampus. Notably, FA
treatment attenuated the expression of mitochondrial apopto-
tic markers and significantly reversed the LPS-induced neu-
ronal disabilities in the mouse hippocampus.

Overactivation of microglia and ROS generation are close-
ly interrelated, and the overactivation of microglia is widely
accepted as a major hallmark of ROS generation in the CNS
[22, 68]. Intercellular ROS generation leads to the release of
inflammatory mediators via MAPKs and NFgB signaling
molecules in microglia [69]. ROS and MDA levels were sig-
nificantly increased in the LPS-treated mouse hippocampus in
the present study, and FA treatment significantly attenuated
these increases. Microglia-derived elevations in free radical
generation damage neuronal cells, which is implicated in neu-
rodegeneration [70]. Recent studies demonstrated the antiox-
idant effects of FA in cell lines and animal models [71-73].

Balancing of the neuroinflammatory and antioxidant ca-
pacities, reversal of neuronal apoptosis, and reduction in cy-
tokine production by FA may improve the functional survival
of hippocampal neurons following LPS-induced cytokine pro-
duction and oxidative stress. Cytokines greatly impact behav-
ioral abnormalities associated with emotional and anxiety-
related behaviors [74, 75]. Hippocampal neuronal function
was damaged in LPS-treated mice, which was indicated in
the decreased expression of the synaptic markers. FA signifi-
cantly reversed these effects.

In conclusion, we provide the first evidence that FA inhibits
LPS-induced neuroinflammation in the mouse brain via regu-
lation of INK/NFxB and TLR4 inhibition. We confirmed that
FA interfered with the crucial TLR4 complex to prevent the
downstream inflammatory signaling using docking simula-
tion. Whether FA treatment inhibited TLR4 and/or regulated
TRL4-dependent JINK/p-NFgB inhibition is not known.
Therefore, further study is needed to elucidate the exact mech-
anism of FA action. Taken together, these data suggest that FA
exerted neuroprotective properties via regulation of neuroin-
flammation and may have promising therapeutic potential
against neuroinflammation-induced neurodegeneration and
cognitive deficits in Alzheimer’s and Parkinson’s diseases.
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