
INTRODUCTION

 Sinapic acid (SA) is a natural phenolic acid that is found in 
various edible, functional and pharmaceutical plants, includ-
ing lemon, orange and various Brassica vegetables, which 
is common in the human diet (Hameed et al., 2016; Nguyen 
et al., 2021). Importantly, SA has reported to contain various 
bioactivities, including antidiabetic, anti-inflammatory, antican-
cer and anti-depression functions (Chen, 2016; Lee, 2018; 
Bin Jardan et al., 2020; Huang et al., 2020). SA has been de-
clared to attenuate IL-1 secretion and suppress the NLRP3 
inflammasome both in macrophages and in mouse lung tissue 
(Lee et al., 2021). In rat heart muscle, Doxorubicin-induced 
inflammation is mediated by SA via downregulation of NF-B 
(Bin Jardan et al., 2020). In addition, SA derivatives in broc-
coli sprouts also interrupt the release of proinflammatory cy-
tokines (TNF- and IL-6) and increase the production of IL-10 
from LPS-stimulated human NK cells (Olszewska et al., 2020). 
SA has been demonstrated to improve cognitive impairment 

in a scopolamine-induced mouse model and attenuate proin-
flammatory cytokine secretion in a dementia rat model (Verma 
et al., 2020). Interestingly, one study has differently reported 
that SA does not show anti-inflammatory activity when it is iso-
lated from the roots of Polygala arillata (Xiang et al., 2019).

Neuroinflammation has long been recognized as a key 
pathophysiological process that is involved in various neu-
rodegenerative diseases, such as Huntington’s disease, Al-
zheimer’s disease and multiple sclerosis. Microglial cells are 
elemental immune cells that sustain the health in the central 
neuron system by abolishing destructive stimuli or repairing 
impaired cells at the initial stage of neuroinflammation (Perry 
et al., 2010). Long-standing pathological stimulation motivates 
microglial cells to be overactivated, releasing a large number 
of pro-inflammatory factors and cytokines, which provoke the 
neuroinflammatory response and damage brain tissue (Saha 
and Pahan, 2006; Zhao et al., 2021). Recently, many studies 
have indicated that microglia-derived neuroinflammation plays 
an indicative role in the pathogenesis of neurodegenerative 
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diseases (Streit et al., 2004; Krause and Muller, 2010). There-
fore, inhibiting the overactivation of microglia may be benefi-
cial to rescue or slow the progression of neuroinflammation 
and neurodegenerative conditions. During the development of 
neuroinflammation, immune system cells, including microglia, 
are activated through the recognition of a pathogen endotoxin 
by Toll-like receptors (TLRs) and then propagate antigen-
induced signal transduction pathways to subsequently mo-
bilize other downstream proteins, such as mitogen-activated 
protein kinases (MAPKs) and protein kinase B (AKT) (Chen 
et al., 2019). MAPK cascades, including c-Jun N-terminal ki-
nase (JNK), extracellular signal-regulated kinase (ERK) and 
p38, are central intracellular mediators that are activated in 
response to lipopolysaccharide (LPS) stimulation, which is an 
endotoxin of the outer membrane of gram-negative bacteria. 
AKT, a serine/threonine kinase, is also considered one of the 
most important effector kinases downstream of PI3K and the 
main contributor of the PI3K/AKT signaling pathway (Tang et 
al., 2018). It has been indicated that these signaling pathways 
are involved in neuroinflammation by regulating the expres-
sion of inflammation-related cytokines and enzyme. Thus, 
targeting inflammation-related signaling pathways may be a 
beneficial way to slow the progression of neuroinflammation 
and neurodegenerative conditions.

Therefore, SA may have the potential to impede the key 
cycle of cytokine secretion, inflammation and neuro-damage, 
thereby providing a new therapeutically beneficial option for 
neuroinflammation. However, it remains unclear whether SA 
has an anti-inflammatory effect on LPS-induced microglial 

neuroinflammation. Thus, it is necessary not only to investi-
gate whether SA has an anti-inflammatory effect in the CNS 
but also to clarify the potential underlying mechanisms.

MATERIAL AND METHODS

Chemicals and reagent
Antibodies (iNOS (2982), COX-2 (12282), phospho- 

AKT(9271), ERK (9102), phosphor-ERK (9101), JNK (9252), 
phosphor-JNK (9251), p38 (9212) and phosphor-p38 (9211) 
primary antibodies as well as an anti-rabbit immunoglobulin 
G (IgG) secondary antibody) were purchased from Cell Sig-
naling Technology (Boston, MA, USA). Fetal bovine serum 
(FBS) was purchased from American Type Culture Collection 
(ATCC, Manassas, VA, USA). Penicillin/streptomycin (P/S) 
and Dulbecco’s modified Eagle’s medium (DMEM/F12) were 
purchased from Gibco (Grand Island, NY, USA). LPS origi-
nating from Escherichia coli O55:B5, dexamethasone (DEX, 
purity>98%) and SA (Fig. 1A, purity>98%) were obtained from 
Sigma–Aldrich (St. Louis, MO, USA).

Cell culture
The BV-2 mouse microglial cell line was obtained from 

Prof. Lee Sung Jung’s research team at the School of Den-
tistry, Seoul National University (Seoul, Korea). And the cell 
was cultured in Dulbecco’s modified Eagle medium (DMEM; 
Gibco, Invitrogen, Grand Island, NY, USA) added with 10% 
fetal bovine serum (FBS; Gibco, Invitrogen) and 1% penicillin/
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Fig. 1. Effect of SA on nitric oxide (NO) and iNOS/COX-2 production in LPS-stimulated BV-2 cells. Chemical structure of SA (A). MTT as-
say was measured to perform the cell viability with LPS (B) or without LPS (C). NO levels in the cell supernatant were measured by Griess 
reagent colorimetric reaction (D) . Respective Western blots presenting the expression level of the iNOS (E) & COX-2 (F). DEX was used as 
positive control. The Control added with 0.025% DMSO solvent for 12 h. Experimental results were presented as mean (± SEM, n=3). 
***p<0.001, the significant difference compared with the control. Compared with LPS group, #p<0.05, ###p<0.001.
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streptomycin (P/S; Gibco, Invitrogen) at 37°C under a humidi-
fied atmosphere containing 5% CO2.

Cell viability assay
A colorimetric assay was performed to detect cell metabolic 

ability according to a previously reported protocol (Zhao et al., 
2019). BV-2 microglial cells were cultured with DMEM/F12 
medium (Gibco) in 96-well plates (1×104 cells/well) for 24 h. 
Then, Cells were treated for 12 h with various concentrations 
of SA in the presence or absence of 100 ng/mL LPS. After 
incubation for 12 h, 10 L of EZ-Cytox reagent (Daeil Lab Co., 
Ltd., Seoul, Korea) was added to each well followed by incu-
bation for 30 min at 37°C. The absorbance of each reaction 
product was then measured using a microplate reader (Infinite 
1000, Tecan Trading AG, Männedorf, Switzerland) at a wave-
length of 450 nm. The results are presented as a percentage 
of the MTT absorbance of the control cells.

Measurement of nitric oxide
Cells were cultured in 6-well plates (5×105 cells/well) for 24 

h. Cells were then pretreated with 25, 50 and 100 g/mL SA 
for 1 h and then treated with 100 ng/mL LPS for 12 h. The me-
dium was collected and centrifuged at 13,000 rpm to remove 
dead cells. The supernatant medium was collected and mixed 
with an equal volume (50 L) of Griess reagents (1% sulfa-
nilamide and 0.1% N-(1-naphthyl) ethylenediamine dihydro-
chloride in 2.5% H3PO4) for 10 min followed by incubation at 
room temperature. The positive control group was treated with 
DEX (5 M). The nitric oxide concentration was measured by 
a sodium nitrite standard curve at 540 nm using a microplate 
reader (Multiskan SkyHigh Microplate Reader, Thermo Fisher 
Scientific, Lafayette, CA, USA).

Animal experiments
Male ICR mice (aged 8 weeks and weighing 26 ± 2 g) were 

purchased from Orient Bio, Inc., Seongnam, Korea. Animals 
were kept in the housing facility for one week to adapt to the 
environment before the experiment and were maintained at 
24 ± 1°C under a 16/8 h light/dark cycle with food and water 
provided ad libitum. Five groups of animals were maintained 
in different cages with 6 mice per cage. The normal control 
group and LPS-injected only group were administered PBS 
orally. The po sitive control group was administered DEX via 
gavage needle (2.5 mg/kg/day) orally. The other two groups 
were administered SA (dissolved in PBS) orally via ga vage 
needle (10 and 20 mg/kg/day). The oral administration contin-
ued for 8 days. Three days before sampling the LPS-injected 
group, the positive control group and the two SA-administered 
groups were intraperitoneal (i.p.) injected with LPS (2.5 mg/
kg/day) after 30 min of oral gavage treatment. Animals were 
anesthetized by diethyl ether and sacrificed after the last LPS 
stimulation for 3 h. Brain tissue samples were collected and 
stored at –80°C until further analysis.

Total protein isolation from BV-2 cells
Total protein was isolated according to a previous study 

(Zhao et al., 2019). Briefly, cells were washed 3 times with ice-
cold PBS and centrifuged at 13,000 rpm for 5 min to remove 
dead cells. After discarding the supernatant, the collected 
cells were lysed with lysis buffer (Cell Signaling Technology), 
containing protease inhibitor cocktail (PIC, Roche, Penzberg, 
Germany) and phenylmethylsulfonyl fluoride (PMSF), for 20 

min on ice. The lysates were centrifuged (13,000 rpm) for 20 
min. Protein quantification was conducted with the Bradford 
reagent (Bio–Rad, Hercules, CA, USA), and the BSA standard 
(0-20 mg/mL) was prepared as a standard curve. Western blot 
samples were prepared with lysate and an equal volume of 
2× NuPAGE LDS sample buffer (Thermo Fisher Scientific) 
with 10% 2-mercaptoethanol. After denaturized at 99°C, the 
samples were stored at –80°C until further analysis.

Total protein isolation from the mouse brain
For the preparation of mouse brain samples as described 

previously (Zhao et al., 2019), the mouse cerebral cortex was 
collected, stored at –80°C and then homogenized with PRO-
PREP protein extraction buffer (iNtRON, Seongnam, Korea) 
supplemented with 1× PIC set III (Sigma–Aldrich). The ho-
mogenates were then centrifuged (13,000 rpm) for 20 min 
at 4°C. Protein quantification assays were performed as de-
scribed for total protein samples.

Western blot analysis
Total protein samples (20 g) were separated using sodium 

dodecyl sulfate–polyacrylamide gel electrophoresis (SDS−
PAGE) with 10% acrylamide/bis gels and electrotransferred 
to Immobilon-P polyvinylidene difluoride (PVDF) membranes 
(Merck KGaA, Darmstadt, Germany). The membranes were 
then blocked with 5% BSA in Tris-buffered saline with Tween 
(TBST) and incubated overnight at 4°C with specific primary 
antibodies (1:1000). After washing with TBST, the membranes 
were incubated with secondary HRP-conjugated IgG (1:2000) 
at room temperature for 1 h and determined using Super-
Signal™ West Femto Chemiluminescent Substrate (Thermo 
Fisher Scientific). Band signal densitometry analysis was per-
formed with the LAS4000 system (Fujifilm, Tokyo, Japan), and 
the intensities of the proteins were quantified by Multi Gauge 
V3.0 software (Fujifilm).

Cytokine ELISA analyses
Cytokine (IL-6 and IL-10) levels were estimated in both cell 

supernatants and mouse serum by using ELISA kits (IL-6: 
#M6000B, IL-10: #M1000B, R&D Systems Inc., Minneapolis, 
MN, USA) following the manufacturer’s protocols. For IL-6 an-
 alyze, cell supernatant was diluted for 1000 times via DMEM-
F12 and serum was diluted for 10 times via PBS. For IL-10, 
both the cell supernatant and mouse serum were not diluted. 
Briefly, samples were pipetted into a micro-plate pre-coated 
with capture antibodies and incubated at room temperature 
for 2 h. After washing 5 times with wash buffer, HRP conjugate 
antibodies were added and incubated for 2 h at room tempera-
ture. Then substrate solution was added and incubated the 
plates at room temperature protecting from light for 30 min. 
The reaction was stopped by the stop solution and the optical 
density of each well was measured at 450 nm with a micro-
plate reader (Multiskan SkyHigh Microplate reader, Thermo 
Fisher Scientific).

Statistics
Data are expressed as the mean ± SEM of each indepen-

dent replication. For comparison of three or more replications, 
data were analyzed by one-way analysis of variance (ANOVA) 
with Dunnett’s post-hoc test. A value of p<0.05 was consid-
ered statistically significant. Statistical tests were performed 
using GraphPad Prism 5.0 (GraphPad Software, San Diego, 
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CA, USA).

RESULTS

Eff ect of SA on cell viability, NO and iNOS/COX-2 
production in LPS-stimulated BV-2 cells

To elucidate the potential protective effect of sinapic acid on 
BV-2 cells, an MTT assay was performed. As shown in Fig. 1B 
and 1C, the cell viability of BV-2 cells was not strongly affected 
in the presence of sinapic acid, and cytotoxicity was not sig-
nificantly changed when the concentration of SA was treated 
with 100 ng/mL LPS. The anti-inflammatory effects of SA were 
also evaluated by the production of NO. As depicted in Fig. 
1D, treatment with LPS significantly stimulated the produc-
tion of NO in the supernatant of the BV-2 cell culture medium, 
and the expression of iNOS was significantly decreased in the 
SA-treated group compared to the LPS groups (Fig. 1E). In 
addition, there was no significant reduction in COX-2 expres-
sion after exposure to SA and LPS (Fig. 1F). Therefore, these 
results indicated that SA participates in the anti-inflammatory 
response in microglial cells. 

Eff ect of SA on the production of infl ammatory cytokines 
in LPS-stimulated microglial cells

To determine the effects of SA on the release of pro-inflam-
matory and anti-inflammatory cytokines, the secretion of IL-6 
and IL-10 was detected after LPS stimulation. As shown in Fig. 
2A, pre-treatment of BV-2 microglia with SA (5, 10 and 20 M) 
facilitated a reduction in IL-6 level, compared with LPS group. 
Moreover, SA increased the production of IL-10 compared to 
cells induced by LPS, even more significant than DEX-treated 
cells (Fig. 2B). These results demonstrated that SA pretreat-
ment significantly suppresses the LPS-induced inflammatory 
response by regulating the secretion of inflammation-related 
cytokines.

SA suppresses MAPK phosphorylation in LPS-stimulated 
BV-2 microglial cells

The MAPK signaling pathway is involved in the regula-
tion of many inflammatory responses, including LPS-induced 
microglial activation. To investigate the participation of SA in 
the molecular mechanism of the LPS-induced inflammatory 
response, JNK, p38 and ERK protein phosphorylation was 

detected in LPS-treated BV-2 cells. As shown in Fig. 3A-3C, 
LPS treatment mobilized a significant increase in the phos-
phorylation of JNK, p38 and ERK in BV-2 cells. However, SA 
treatment significantly attenuated the LPS-stimulated activa-
tion of JNK, p38 and ERK. And treatment of 20 M SA can 
more significantly inhibit the p38 phosphorylation, compared 
to DEX (5 M)-treated cell (Fig. 3B). These data suggested 
that SA may attenuate proinflammatory factors by inhibiting 
the MAPK signaling cascade.

SA suppresses AKT phosphorylation in LPS-stimulated 
BV-2 microglial cells

As illustrated in Fig. 3D, SA significantly decreased the 
phosphorylation of AKT under LPS stimulation, indicating that 
SA may suppress the activation of the AKT signaling path-
way. To further investigate whether SA suppresses the AKT 
signaling pathway, pre-treatment with the AKT1/2 kinase in-
hibitor (A6730) and AKT enhancer (SC79) was performed in 
the LPS-induced BV-2 cell. The AKT inhibitor reduced not only 
NO production but also the expression levels of iNOS, while 
co-treatment with SA and the AKT inhibitor further suppressed 
NO production (Fig. 4A, 4B). The SC79 had a significant effect 
on the phosphorylation levels of AKT (Fig. 4C). However, co-
treatment with SC79 and SA rescued this trend and attenuat-
ed the phosphorylation levels of AKT. Therefore, these results 
indicated that SA may protect microglia against the LPS-in-
duced inflammatory response by inhibiting AKT activation.

SA suppresses IL-6 and enhances IL-10 secretion in LPS-
induced mouse serum

Systemic LPS injection modulates inflammatory cytokine 
production in the serum and brain. To further determine the 
effect of SA on the inflammatory response, LPS-stimulated 
mouse model was performed. As shown in Fig. 5A, systemic 
LPS injection significantly increased IL-6 levels in the serum, 
but this trend was reversed in SA-administrated group. More-
over, SA administration induced a further increase in IL-10 in 
the serum of LPS-treated mice, revealing that the anti-inflam-
matory response is activated by SA (Fig. 5B). Identical with 
the in vitro result (Fig. 2B), this increase was also stronger 
than the DEX-administrated mouse. These data suggested 
that SA systemically regulates the LPS-mediated inflamma-
tory response.
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SA suppresses the MAPK and AKT signaling pathways in 
the LPS-induced mouse cerebral cortex

The in vitro data revealed that SA mediated LPS-treated 
microglial activation by attenuating the AKT and MAPK path-
ways. Thus, we further investigated whether SA is involved 
in these inflammation-related signaling pathways in LPS-in-
jected mouse brains. Western blot results indicated that LPS 
treatment increased the expression of p-ERK (Fig. 6A), p-JNK 
(Fig. 6B), p-p38 (Fig. 6C) and p-AKT (Fig. 6D). In contrast, 
SA administration significantly reduced MAPK and AKT phos-
phorylation in cerebral cortex tissue compared to the LPS 
group.

DISCUSSION

Chronic inflammation is a central process involved in many 
metabolic disorders, including neurodegenerative (Alzheimer 
and Parkinson diseases) and autoimmune diseases (Margină 
et al., 2020). Dietary components have the ability to affect the 
immune response through the modulation of gut bacteria me-
tabolism or impacting immune cells through the brain-blood 
barrier (Galland, 2010; Leigh and Morris, 2020). Thus, the 
constituents of daily diets, including vegetables and crops, 

have been focused on in recent days. SA is an interesting 
and widely present hydroxycinnamic acid, especially in the 
Brassicaceae family (Nguyen et al., 2021). In recent years, 
SA and some of its derivatives (sinapine and sinapoyl esters) 
have been studied due their various biological characteristics, 
including antioxidant and anti-inflammatory activities (Chen, 
2016). This study investigated the effects of SA on inflamma-
tory factors secretion through the AKT/MAPK signaling path-
way and underlying mechanism in LPS-induced BV-2 microg-
lia model and in vivo mouse model. In this study, we found 
that LPS-induced excessive proinflammatory factor release, 
such as intercellular NO and iNOS production, was inhibited 
by SA in LPS-treated microglia. Consistently, SA protected the 
mice against an acute inflammatory response and decreased 
proinflammatory cytokines secretion in serum, such as IL-6, 
after LPS administration. Our results revealed that SA treat-
ment suppressed inflammatory response by modulating the 
phosphorylation of AKT, leading to the suppression of MAPK 
phosphorylation under LPS-induced inflammatory challenge. 
Additionally, SA administration also suppressed the AKT/
MAPK activation and the LPS-induced inflammatory response 
in vivo.

Neuroinflammation is a complicated process derived from 
the initial inflammatory responses regulated by inflammatory 
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mediators, including nitric oxide (NO) (Aktan, 2004). Nitric ox-
ide eliminates microorganisms and has a protective effect on 
specific tissues, but it also induces cytotoxicity in these tissues 
at high concentrations (Maksoud et al., 2019). Lipopolysac-
charide (LPS) induces systemic inflammation by boosting im-
mune system cells and expanding the secretion of inflamma-
tory mediators by regulating microglial activation (Calabrese 
et al., 2007; Xue et al., 2018). The production of NO is reg-
ulated by the nitric oxide synthase enzyme family, in which 
iNOS is mainly involved (Singh et al., 2019). Increased levels 
of NO have also been reported to connect neuroinflammation 
with brain dysfunctions and diseases, such as learning and 
memory impairments(Picón-Pagès et al., 2019). IL-6 is one 
of  the main pro-inflammatory cytokines produced by activated 
microglia (West et al., 2019). It involved in initiating and regu-
lating the cytokine cascade during an inflammatory response, 
promote the microglia rresopnses and contributing to the neu-
rodegenerative disease. IL-10 is well-known anti-inflammatory 

cytokines that induce microglia alter into anti-inflammatory 
state in vitro (Cherry et al., 2014). In our study, SA inhibited the 
production of IL-6 and enhanced the IL-10 in LPS-activated 
BV2 microglia. Besides, in mouse model, the administration of 
SA also suppressed the release of IL-6 and enhanced the IL-
10 secretion. The present study demonstrated that SA treat-
ment inhibits NO and inflammation related cytokine production 
and downregulates iNOS protein expression in BV-2 microg-
lial cells, thereby suggesting the potential protective effect of 
SA against LPS-induced inflammatory stimuli.

The production of iNOS in LPS-induced microglial cells is 
modulated by MAPKs (Chen et al., 2019; Rai et al., 2019), 
which regulate important cellular processes in immune re-
sponses (Zhang and Liu, 2002). And several studies have 
suggested that MAPKs constitute a key step in the process of 
neuroinflammation and may be a potential target for pharma-
cological treatment (Kim and Choi, 2015; Rai et al., 2019). In 
the present study, we found reduced p-ERK, p-JNK and p-p38 
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in response to SA treatment, which suggested suppression 
of MAPK phosphorylation during LPS-induced upregulated in-
flammation. The MAPK pathway is activated by TLR4/MyD88 
and modulates the expression of inflammatory mediators, in-
cluding iNOS, IL-6 and IL-10 (Arthur and Ley, 2013). Huang et 
al. (2018) reported that SA inhibits IL-1-induced inflammation 
via blockade of IL-1-induced MAPK signaling activation in rat 
chondrocytes. The present study found that LPS activates the 
MAPK signaling pathway and that treatment with SA signifi-
cantly moderates the phosphorylation of JNK, ERK and p38.

AKT is a serine kinase that plays the essential role in the 
PI3K/AKT signaling pathway. AKT is activated during all as-
pects of the development of neuroinflammation. Previous stud-
ies have revealed that the PI3K/AKT signaling pathway alters 
LPS-induced COX-2 and iNOS expression in BV-2 cells (Zhao 
et al., 2021). Activated AKT releases NF-B to translocate to 
the nucleus, which triggers stimulation of inflammatory target 
genes and promotes the proinflammatory response (Zhu et 
al., 2021). In addition, other studies have demonstrated that 
treatment with SA attenuates the NF-B signaling pathway 
both in vivo and in vitro (Bin Jardan et al., 2020; Verma et al., 

2020). Besides, the me chanism that controls cytokines like IL-
10 or IL-6 production in immune cells in response to external 
stimuli has been shown to involve MAPKs such as ERK and 
p38 (Zhang et al., 2019) and the AKT signal pathway (Zhang 
et al., 2016). However, the relationship between AKT phos-
phorylation and SA requires further exploration. In the present 
study, western blot analysis indicated that the AKT activation 
induced by LPS was attenuated by SA in a dose-dependent 
manner in BV-2 microglia. For further confirmation, an AKT 
kinase inhibitor (A6730) and AKT agonist (SC79) were applied 
to investigate the relationship between the AKT signaling path-
way and SA. These data suggested that the AKT signaling 
pathway plays a major role in the anti-inflammatory activity of 
SA in vitro, contributing to further understanding of the mecha-
nism of SA bioactivity in the anti-inflammation model.

An LPS-injected in vivo mouse model was also used to ex-
plore the effect of SA. After LPS administration, a systematic 
inflammatory response generates and releases proinflamma-
tory cytokines. As proinflammatory cytokines are generated, 
glial activation from the brain shifts to counter the impacts 
of attacking pathogens by upregulating IL-10 (Becher et al., 
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2017). Also, SA attenu ated IL-1 secretion in LPS-induced in-
flammation in mouse model (Lee et al., 2021), where IL-1 
might further modulate the release of IL-10 (Coeffier et al., 
2003). The release of proinflammatory cytokines and their ex-
pression in the mouse cerebral tissue demonstrated that anti-
inflammatory activity can be detected under both LPS-induced 
systemic inflammatory and neuroinflammatory conditions. Be-
sides, SA also inhibited the phosphorylation of LPS-stimulated 
AKT and MAPK in the mouse cerebral cortex, which were con-
sistent with the in vitro effect, indicating that SA represses the 
inflammatory response of microglia by inhibiting AKT/MAPK 
signaling pathways.

In conclusion, our investigation revealed that SA is a po-
tential suppressor of the neuroinflammatory pathway. Overall, 
both in vivo and in vitro findings showed that SA may protect 
against LPS-induced inflammation via the MAPK and AKT sig-
naling pathways, thus acting as an active compound. There-
fore, these results indicated that SA may be a possible thera-
peutic candidate against neurodegenerative diseases related 
to inflammation.

CONFLICT OF INTEREST 

I declare that the authors have no competing interests, or 
other interests that might be perceived to influence the results 
and/or discussion reported in this paper.

ACKNOWLEDGMENTS

This work was funded and supported by the Bio-Synergy 
Research Project (NRF-2012M3A9C4048793) of the Ministry 
of Science, ICT and Future Planning through the National Re-
search Foundation of the Republic of Korea. This work was 
also supported by the Korea Health Technology R&D Proj-
ect through the Korea Health Industry Development Institute 
(KHIDI) funded by the Ministry of Health & Welfare, Republic 
of Korea (Grant Number: HI18C1860), and by the Korea Insti-
tute of Science and Technology (KIST) Institutional Programs 
(Grant No. 2E31512).

REFERENCES

Aktan, F. (2004) iNOS-mediated nitric oxide production and its regula-
tion. Life Sci. 75, 639-653. 

Arthur, J. S. C. and Ley, S. C. (2013) Mitogen-activated protein kinases 
in innate immunity. Nat. Rev. Immunol. 13, 679-692.

Becher, B., Spath, S. and Goverman, J. (2017) Cytokine networks in 
neuroinflammation. Nat. Rev. Immunol. 17, 49-59.

Bin Jardan, Y. A., Ansari, M. A., Raish, M., Alkharfy, K. M., Ahad, A., Al-
Jenoobi, F. I., Haq, N., Khan, M. R. and Ahmad, A. (2020) Sinapic 
acid ameliorates oxidative stress, inflammation, and apoptosis in 
acute doxorubicin-induced cardiotoxicity via the NF-kappaB-medi-
ated pathway. Biomed Res. Int. 2020, 3921796.

Calabrese, V., Mancuso, C., Calvani, M., Rizzarelli, E., Butterfield, D. 
A. and Stella, A. M. (2007) Nitric oxide in the central nervous sys-
tem: neuroprotection versus neurotoxicity. Nat. Rev. Neurosci. 8, 
766-775.

Chen, C. Y. (2016) Sinapic acid and its derivatives as medicine in oxi-
dative stress-induced diseases and aging. Oxid. Med. Cell. Lon-
gev. 2016, 3571614.

Chen, M. J., Ramesha, S., Weinstock, L. D., Gao, T., Ping, L., Xiao, 
H., Dammer, E. B., Duong, D. D., Levey, A. I. and Lah, J. J. (2019) 

Microglial ERK signaling is a critical regulator of pro-inflamma-
tory immune responses in Alzheimer’s disease. bioRxiv doi: 
10.1101/798215.

Cherry, J. D., Olschowka, J. A. and O’Banion, M. K. (2014) Neuro-
inflammation and M2 microglia: the good, the bad, and the in-
flamed. J. Neuroinflammation 11, 98.

Coeffier, M., Marion, R., Ducrotte, P. and Dechelotte, P. (2003) Modu-
lating effect of glutamine on IL-1-induced cytokine production by 
human gut. Clin. Nutr. 22, 407-413.

Galland, L. (2010) Diet and inflammation. Nutr. Clin. Pract. 25, 634-
640.  

Hameed, H., Aydin, S. and Başaran, N. (2016) Sinapic acid: is it safe 
for humans? FABAD J. Pharm. Sci. 41, 39-49.

Huang, J. F., Zheng, X. Q., Lin, J. L., Zhang, K., Tian, H. J., Zhou, W. 
X., Wang, H., Gao, Z., Jin, H. M. and Wu, A. M. (2020) Sinapic 
acid inhibits IL-1beta-induced apoptosis and catabolism in nucleus 
pulposus cells and ameliorates intervertebral disk degeneration. J. 
Inflamm. Res. 13, 883-895.

Huang, X., Pan, Q., Mao, Z., Zhang, R., Ma, X., Xi, Y. and You, H. 
(2018) Sinapic acid inhibits the IL-1-induced inflammation via 
MAPK downregulation in rat chondrocytes. Inflammation 41, 562-
568.

Kim, E. K. and Choi, E. J. (2015) Compromised MAPK signaling in hu-
man diseases: an update. Arch. Toxicol. 89, 867-882.

Krause, D. L. and Muller, N. (2010) Neuroinflammation, microglia and 
implications for anti-inflammatory treatment in Alzheimer’s dis-
ease. Int. J. Alzheimers Dis. 2010, 732806.

Lee, E. H., Shin, J. H., Kim, S. S. and Seo, S. R. (2021) Sinapic acid 
controls inflammation by suppressing nlrp3 inflammasome activa-
tion. Cells 10, 2327.

Lee, J.-Y. (2018) Anti-inflammatory effects of sinapic acid on 2, 4, 
6-trinitrobenzenesulfonic acid-induced colitis in mice. Arch. Pharm. 
Res. 41, 243-250.

Leigh, S.-J. and Morris, M. J. (2020) Diet, inflammation and the gut 
microbiome: mechanisms for obesity-associated cognitive impair-
ment. Biochim. Biophys. Acta Mol. Basis Dis. 1866, 165767.

Maksoud, M. J. E., Tellios, V., An, D., Xiang, Y. Y. and Lu, W. Y. (2019) 
Nitric oxide upregulates microglia phagocytosis and increases 
transient receptor potential vanilloid type 2 channel expression on 
the plasma membrane. Glia 67, 2294-2311.

Margină, D., Ungurianu, A., Purdel, C., Tsoukalas, D., Sarandi, E., 
Thanasoula, M., Tekos, F., Mesnage, R., Kouretas, D. and Tsat-
sakis, A. (2020) Chronic inflammation in the context of everyday 
life: dietary changes as mitigating factors. Int. J. Environ. Res. Pub-
lic Health 17, 4135.

Nguyen, V. P. T., Stewart, J. D., Ioannou, I. and Allais, F. (2021) Sinapic 
acid and sinapate esters in Brassica: innate accumulation, biosyn-
thesis, accessibility via chemical synthesis or recovery from bio-
mass, and biological activities. Front. Chem. 9, 664602.

Olszewska, M. A., Granica, S., Kolodziejczyk-Czepas, J., Magiera, A., 
Czerwińska, M. E., Nowak, P., Rutkowska, M., Wasiński, P. and 
Owczarek, A. (2020) Variability of sinapic acid derivatives during 
germination and their contribution to antioxidant and anti-inflam-
matory effects of broccoli sprouts on human plasma and human 
peripheral blood mononuclear cells. Food Funct. 11, 7231-7244.

Perry, V. H., Nicoll, J. A. and Holmes, C. (2010) Microglia in neurode-
generative disease. Nat. Rev. Neurol. 6, 193-201.

Picón-Pagès, P., Garcia-Buendia, J. and Muñoz, F. J. (2019) Functions 
and dysfunctions of nitric oxide in brain. Biochim. Biophys. Acta 
Mol. Basis Dis. 1865, 1949-1967.

Rai, S. N., Dilnashin, H., Birla, H., Singh, S. S., Zahra, W., Rathore, A. 
S., Singh, B. K. and Singh, S. P. (2019) The role of PI3K/Akt and 
ERK in neurodegenerative disorders. Neurotox. Res. 35, 775-795.

Saha, R. N. and Pahan, K. (2006) Regulation of inducible nitric oxide 
synthase gene in glial cells. Antioxid. redox Signal. 8, 929-947.

Singh, G., Kaur, A., Kaur, J., Bhatti, M. S., Singh, P. and Bhatti, R. 
(2019) Bergapten inhibits chemically induced nociceptive behavior 
and inflammation in mice by decreasing the expression of spinal 
PARP, iNOS, COX-2 and inflammatory cytokines. Inflammophar-
macology 27, 749-760.

Streit, W. J., Mrak, R. E. and Griffin, W. S. (2004) Microglia and neu-
roinflammation: a pathological perspective. J. Neuroinflammation 



284https://doi.org/10.4062/biomolther.2022.092

1, 14.
Tang, F., Wang, Y., Hemmings, B. A., Rüegg, C. and Xue, G. (2018) 

PKB/Akt-dependent regulation of inflammation in cancer. Semin. 
Cancer Biol. 48, 62-69.

Verma, V., Singh, D. and Kh, R. (2020) Sinapic acid alleviates oxida-
tive stress and neuro-inflammatory changes in sporadic model of 
Alzheimer’s disease in rats. Brain Sci. 10, 923.

West, P. K., Viengkhou, B., Campbell, I. L. and Hofer, M. J. (2019) 
Microglia responses to interleukin-6 and type I interferons in neuro-
inflammatory disease. Glia 67, 1821-1841.

Xiang, W., Zhang, G.-D., Li, F.-Y., Wang, T.-l., Suo, T.-C., Wang, C.-
H., Li, Z. and Zhu, Y. (2019) Chemical constituents from the roots 
of polygala arillata and their anti-inflammatory activities. J. Chem. 
2019, 8079619. 

Xue, Q., Yan, Y., Zhang, R. and Xiong, H. (2018) Regulation of iNOS 
on immune cells and its role in diseases. Int. J. Mol. Sci. 19, 3805.

Zhang, D., Li, N., Wang, Y., Lu, W., Zhang, Y., Chen, Y., Deng, X. and 
Yu, X. (2019) Methane ameliorates post-operative cognitive dys-
function by inhibiting microglia NF-B/MAPKs pathway and pro-
moting IL-10 expression in aged mice. Int. Immunopharmacol. 71, 

52-60.  
Zhang, W. and Liu, H. T. (2002) MAPK signal pathways in the regula-

tion of cell proliferation in mammalian cells. Cell Res. 12, 9-18.
Zhang, X., Li, N., Shao, H., Meng, Y., Wang, L., Wu, Q., Yao, Y., Li, J., 

Bian, J., Zhang, Y. and Deng, X. (2016) Methane limit LPS-induced 
NF-B/MAPKs signal in macrophages and suppress immune re-
sponse in mice by enhancing PI3K/AKT/GSK-3-mediated IL-10 
expression. Sci. Rep. 6, 29359. 

Zhao, D., Gu, M. Y., Zhang, L. J., Jeon, H. J., Cho, Y. B. and Yang, H. 
O. (2019) 7-Deoxy-trans-dihydronarciclasine isolated from lycoris 
chejuensis inhibits neuroinflammation in experimental models. J. 
Agric. Food Chem. 67, 9796-9804.

Zhao, D., Zhang, L. J., Huang, T. Q., Kim, J., Gu, M. Y. and Yang, 
H. O. (2021) Narciclasine inhibits LPS-induced neuroinflammation 
by modulating the Akt/IKK/NF-kappaB and JNK signaling path-
ways. Phytomedicine 85, 153540.

Zhu, L., Yang, H., Chao, Y., Gu, Y., Zhang, J., Wang, F., Yu, W., Ye, P., 
Chu, P., Kong, X. and Chen, S. (2021) Akt phosphorylation regu-
lated by IKKepsilon in response to low shear stress leads to endo-
thelial inflammation via activating IRF3. Cell. Signal. 80, 109900.

Biomol  Ther 31(3), 276-284 (2023) 




