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Abstract. Neuroinflammation is associated with many neuro‑
degenerative diseases. Abnormal activation of microglial cells 
in the central nervous system (CNS) is a major characteristic 
of neuroinflammation. Nitric oxide (NO) free radicals are 
produced by activated microglia and prolonged presence of 
large quantities of NO in the CNS can lead to neuroinflam‑
mation and disease. Hispidin is a polyphenol derived from 
Phellinus linteus (a valuable medicinal mushroom) with strong 
antioxidant, anticancer and antidiabetic properties. A previous 
study demonstrated that hispidin significantly inhibited NO 
production via lipopolysaccharide (LPS)‑induced RAW264.7 
macrophages. Therefore, the present study used MTT assay 
was used to detect the effect of hispdin on cell viability. Griess 
reagent analysis was used to measure NO production. Reverse 
transcription‑semi quantitative PCR and western blotting were 
used to evaluate the effects of hispdin on iNOS mRNA and 
MAPK/ERK/JNK protein levels. Fluorescence microscopy 
and flow cytometry were used to detect the effects of hispdin on 

the production of ROS and phagocytosis of cells. The present 
results indicated that hispidin could significantly inhibit the 
increase of NO production and iNOS expression in BV‑2 microg‑
lial cells stimulated by LPS. The inhibitory effect of hispidin 
on NO production was similar to that of S‑methylisothiourea 
sulfate, an iNOS inhibitor. Signaling studies demonstrated that 
hispidin markedly suppresses LPS‑induced mitogen activated 
protein kinases and JAK1/STAT3 activation, although not 
the NF‑κB signaling pathway. The present observations in 
LPS‑stimulated BV‑2 microglial cells indicated that hispidin 
might serve as a therapeutic candidate for the treatment of 
NO‑induced neuroinflammation and, potentially, as a novel 
iNOS inhibitor.

Introduction

Neuroinflammation is a protective mechanism of the central 
nervous system (CNS) following injury. However, if neuro‑
inflammation persists, it can lead to many neurodegenerative 
diseases, such as Alzheimer's disease (AD) (1), Huntington's 
disease (HD) (2) and Parkinson's disease (PD) (3). 
Neuroinflammation is characterized by abnormal activation of 
glial cells and the presence of inflammatory mediators in the 
CNS microenvironment (4). Microglia are tissue macrophages 
in the CNS, which have unique origins and functions (5). Under 
normal conditions, microglia protect neurons by immune 
defense, phagocytic activity, antigen presentation and secre‑
tion of immunomodulatory factors (6). However, in response 
to injury, infection or inflammation, microglia are readily acti‑
vated and release various pro‑inflammatory factors, including 
IL‑6, TNF‑α, C‑C motif chemokine ligand 2 and reactive 
oxygen species (ROS), which increase the expression of induc‑
ible nitric oxide synthase (iNOS) and cause accumulation of 
excessive nitric oxide (NO) (7).

As a neurotransmitter and second messenger molecule, NO 
mediates a variety of neuronal functions in the brain (8). NO is 
synthesized by iNOS, which is detected at low levels in healthy 
brains and spinal cords (8). However, continuous activation 
of microglia induces abnormal expression of iNOS proteins, 
leading to a large accumulation of NO (9). The latter can 
damage the cell membrane structure, affect DNA transcrip‑
tion and protein synthesis, and directly damage neurons (10); 
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moreover, it can be further oxidized by oxygen free radicals to 
form highly toxic peroxynitrite, which can cause nitration of 
tyrosine residues in cells and damage neurons (11). In addition, 
NO causes neuronal degeneration by changing the intracellular 
Fe2+ concentration (12). Knockdown of iNOS genes in primary 
glial cells inhibits the production of NO, thus reducing the 
degeneration of CNS (13). A previous study suggested that 
iNOS‑ and NO‑induced neuroinflammatory responses in 
the CNS could play an important role in the development of 
neurodegenerative lesions (13).

Hispidin is a polyphenolic substance that was first isolated 
from the fruiting body of hispidus in 1889 by Zopf, where its 
structure was later identified by Edwards et al (14) as 6‑(3,4‑dihy
droxyphenyl)‑4‑hydroxy‑2‑pyrone in 1961 (15). Recent, 
hispidin were isolated from ethanolic extracts and fermenta‑
tion products of medicinal mushroom Phellinus linteus (16). 
In addition, a previous study demonstrated that hispidin has 
anti‑inflammatory, anti‑bacterial, anti‑oxidant, anti‑cancer 
and hypoglycemic regulatory functions (17). However, the 
inhibitory effect of hisplidin on NO production by the lipo‑
polysaccharide (LPS)‑induced microglia remains unclear. 
Therefore, the present study aimed to investigate the effects 
of hispidin on NO production and iNOS expression in BV‑2 
microglial cells, along with its underlying mechanism.

Materials and methods

Chemicals and antibodies. Hispidin (cat. no. H5257), 
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
(MTT) and LPS (cat. no. L4391; from Escherichia coli serotype 
0111:B4) were purchased from Sigma‑Aldrich; Merck KGaA. 
Fetal bovine serum (FBS, cat. no. SH30070.03) and DMEM 
(cat. no. SH30003.01) were purchased from HyClone; Cytiva. 
Hoechst 33258 (cat. no. B8030), penicillin/streptomycin (P/S, 
cat. no. P1400), N‑acetylcysteine (NAC, cat. no. IA0050) were 
purchased from Beijing Solarbio Science & Technology Co., 
Ltd. PD98059 (ERK signal inhibitor; cat. no. S1805), SB203580 
(P38 signal inhibitor; cat. no. S1863), SP600125 (JNK signal 
inhibitor; cat. no. S1876), CM‑H2DCFDA (cat. no. S0033S) and 
Dihydroethidium (DHE; cat. no. S0063) were obtained from 
Beyotime Institute of Biotechnology. Rabbit monoclonal anti‑
bodies for phosphorylated (p)‑STAT3 (cat. no. bsm‑52210R, 
di lut ion: 1:1,000),  STAT3 (cat.  no. bsm‑52235R, 
dilution: 1:500), p‑JNK (cat. no. bsm‑52462R, dilution: 
1:1,000), IκB‑α (cat. no. bsm‑52169R, dilution: 1:500) and 
rabbit polyclonal antibodies for p‑JAK1 (cat. no. bs‑3238R 
dilution: 1:1,000), JAK1 (cat. no. bs‑1439R, dilution: 
1:1,000), p‑ERK (cat. no. bs‑3238R, dilution: 1:1,000), JNK 
(cat. no. bs‑10562R, dilution: 1:1,000), p‑P38 (cat. no. bs‑5477R, 
dilution: 1:1,000) and P38 (cat. no. bs‑0637R, dilution: 1:1,000) 
were purchased from BIOSS. Mouse monoclonal antibodies 
for β‑actin (cat. no. ab8226, dilution: 1:1,000) were purchased 
from Abcam. Horseradish peroxidase (HRP)‑conjugated 
goat anti‑rabbit IgG (cat. no. D111018, dilution: 1:5,000) and 
anti‑mouse IgG (cat. no D110097, dilution: 1:5,000) were 
purchased from Sangon Biotech Co., Ltd.. Cell culture dishes 
were obtained from Wuxi NEST Biotechnology Co., Ltd. 
TRIzol® reagent (cat. no. 10296028) was purchased from 
Invitrogen; Thermo Fisher Scientific, Inc. PrimeScript™ 
reagent Kit with gDNA Eraser (cat. no. RR047A) was 

purchased from Takara Bio, Inc. The primers for iNOS and 
GAPDH were synthesized by Sangon Biotech Co., Ltd. ECL 
Western Blotting Substrate (cat. no. PE0010) was obtained 
from Beijing Solarbio Science & Technology Co., Ltd.

Cell culture. BV‑2 microglial cells were obtained from the 
American Type Culture Collection and cultivated in DMEM 
supplemented with 10% FBS and 1% P/S (100 U/ml and 
100 µg/ml, respectively) at 37˚C and 5% CO2 under saturated 
humidity. Cells were passaged when they were ~80% confluent. 
According to different experimental arrangements, cells were 
inoculated into the cell culture dish based on the required 
number of cells, and a follow‑up study was conducted after the 
cells adhered to the wall.

Cell viability assay. BV‑2 microglial cells were seeded in 
96‑well plates at a concentration of 4x103 cells per well and 
cultured in DMEM. The cells were treated with various 
concentrations of hispidin (0‑20 µg/ml) for 24 h. A solution 
of 5 mg/ml MTT was subsequently added to each well and 
the cells were incubated for 4 h at 37˚C in an atmosphere 
containing 5% CO2. Subsequently, the supernatant was 
removed and formazan was dissolved in DMSO. Absorbance 
was measured at 490 nm using a UV Max Kinetic Microplate 
Reader (Molecular Devices, LLC).

Detection of NO production by Griess reagent. NO produc‑
tion was assessed based on the accumulation of nitrite in the 
medium using a colorimetric reaction with Griess reagent 
[0.1% N‑(1‑naphthyl) ethylenediamine dihydrochloride, 
0.1% sulfanilamide, and 2.5% H3PO4]. Culture supernatants 
were collected and mixed with an equal volume of Griess 
reagent. Absorbance was measured at 540 nm using the 
UV Max Kinetic Microplate Reader.

Detection of iNOS mRNA expression by reverse transcription-
semi quantitative PCR. Total cellular RNA was prepared using 
the TRIzol® reagent, followed by cDNA synthesis using by the 
reverse transcription kit in accordance with the manufacturer's 
protocols. The reverse transcription reaction conditions were 
set at 37˚C for 15 min, followed by 85˚C for 5 sec and finally 
reduced to 4˚C. The cDNA was amplified (SuperScript™ IV 
One‑Step RT‑PCR System with ezDNase™; cat. no. 12595025; 
Thermo Fisher Scientific, Inc.) using the following PCR 
primers: iNOS forward, 5'‑CCC TTC CGA AGT TTC TGG CAG 
CAG C‑3' and reverse, 5'‑GGC TGT CAG AGC CTC GTG GCT 
TTG G‑3', GAPDH forward, 5'‑TGT GTC CGT CGT GGA TCT 
GA‑3' and reverse, 5'‑CCT GCT TCA CCA CCT TCT TGA‑3'. 
Thermocycling was performed using an initial 94˚C hold step 
for 5 min. This hold step was followed by 25‑30 cycles of 94˚C 
for 30 sec, 65˚C (iNOS) or 52˚C (GAPDH) for 30 sec and 72˚C 
for 30 sec and a final extension step for 5 min at 72˚C. The 
amplified samples were separated in 1% agarose gels with 
ethidium bromide and images were taken with the Alpha Gel 
Imaging System (Alpha Imager HP; Version 3.5.0; Protein 
Simple).

Western blotting. Following treatment with LPS or hispidin, 
cells were washed twice with PBS, lysed with protein 
lysis buffer [20 mM HEPES‑OH (pH 7.0), 50 mM NaCl, 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  970,  2021 3

10% glycerol and 0.5% Triton X‑100] and incubated with 
0.5 µg/ml leupeptin, 0.7 µg/ml pepstatin A, 0.1 mM 4 
(2 aminoethyl) benzenesulfonyl fluoride and 2 µg/ml aprotinin 
for 30 min at 4˚C. The concentration of the obtained proteins 
was determined using Coomassie blue staining. The protein 
assay system was prepared (800 µl DDW + 200 µl Coomassie 
Blue + 1 µl protein sample). The OD value was detected at 
595 nm using a UV spectrophotometer and the obtained 
OD value was subsequently substituted into a standard curve 
to obtain the protein concentration. The proteins were then 
denatured for 5 min at 100˚C and 20 µg protein was separated 
using 12% SDS‑PAGE and transferred onto nitrocellulose 
membranes (EMD Millipore). The membranes were blocked 
with 5% skimmed milk for 30 min at room temperature. They 
were then incubated with primary antibodies at 4˚C overnight. 
Membranes were washed five times with Tris buffered saline 
(TBS) containing Tween [10 mM Tris HCl (pH 7.5), 150 mM 
NaCl and 0.2% Tween‑20] and subsequently incubated with 
HRP‑conjugated goat anti‑rabbit IgG or anti‑mouse IgG (dilu‑
tion, 1:5,000) for 1 h at room temperature. After five washes 
with TBS to remove excess antibody, an appropriate amount 
of ECL Plus (cat. no. PE0010; from Beijing Solarbio Science 
& Technology Co., Ltd.) was added to each membrane and 
specific binding was then detected using a chemilumines‑
cence detection system (Amersham Imager 600; Cytiva). All 
quantification of bands was done using ImageJ 1.52a (National 
Institutes of Health).

Measurement of ROS by flow cytometry and fluorescence 
microscopy. To determine ROS levels, the BV‑2 microglial cells 
were incubated at 37˚C for 15 min with 10 mM CM‑H2DCFDA. 
The CM‑H2DCFDA fluorescence intensity of 10,000 cells 
was evaluated by f low cytometry (BDFACSCalibur™, 
BD Biosciences). The results were analyzed using the WinMDI 
(Version 2.9, BD Biosciences) software.

Measurement of ROS by fluorescence microscopy. Changes 
in cellular ROS levels were determined using 1 µM DHE and 
2 µg/ml Hoechst 33258 (to observe the nucleus) at 37˚C for 
15 min and washed with PBS to detect changes in cellular 
ROS levels. After washing with PBS, the magnification of 
the microscope was adjusted to x200 and images were taken 
with a fluorescent core cell culture microscope (EVOS® XL 
core cell culture microscope; Thermo Fisher Scientific, Inc.) to 
qualitatively observe the fluorescence intensity.

Statistical analysis. Data are presented as the means ± standard 
error of the mean. Differences between experimental groups 
were analyzed by one‑way analysis of variance and a Tukey's 
test. GraphPad Prism software version 4.0 (GraphPad 
Software, Inc.) was used to analyze all results and P<0.05 was 
considered to indicate a statistically significant difference.

Results

Hispidin inhibits the production of NO in LPS-treated BV-2 
microglial cells. To determine the cytotoxic effects of hispidin 
on BV‑2 microglial cells, the BV‑2 microglial cells were 
treated with various concentrations (0, 1, 5, 10 and 20 µg/ml) 
of hispidin for 24 h. As presented in Fig. 1A, 20 µg/ml hispidin 

had no effect on the viability of BV‑2 microglial cells, hence 
indicating that the inhibitory effect of hispidin on LPS‑induced 
inflammation was not due to cytotoxicity. Therefore, in 
subsequent experiments, 20 µg/ml was used as the maximum 
treatment concentration. To determine whether hispidin could 
exert any anti‑inflammatory effect, the levels of NO and ROS 
were measured in BV‑2 microglial cells after LPS treatment. 
Cells were pretreated with hispidin (1, 5, 10 or 20 µg/ml) for 
30 min and subsequently treated with LPS for the indicated 
times (0, 1, 3, 6, 12 or 24 h). The results demonstrated that 
hispidin decreased the production of NO in LPS‑treated 
BV‑2 microglial cells in a dose‑ and time‑dependent manner 
(Fig. 1B and C). Intracellular ROS levels were detected by 
flow cytometry and fluorescence microscopy, and the results 
demonstrated that LPS treatment increased the ROS level of 
BV‑2 microglial cells, while hispidin pretreatment significantly 
reduced the intracellular ROS levels (Fig. 1D‑F). Together, the 
results indicated that hispidin regulates the activity of BV‑2 
microglial cells by inhibiting the production of inflammatory 
mediators.

Hispidin inhibits the expression of iNOS protein in LPS-treated 
BV-2 microglial cells. Under the pathological conditions of 
inflammation and hypoxia and in the presence of tumors, iNOS 
expression is increased and catalyzes the production of NO (7). 
When BV‑2 microglial cells are stimulated by substances, 
such as LPS, the expression of iNOS increases, which in turn 
induces the production of large quantities of NO and promotes 
the development of inflammation and other diseases (18). As 
shown in Fig. 2, hispidin treatment was found to significantly 
decrease LPS‑induced iNOS protein expression in a dose‑ and 
time‑dependent manner.

Hispidin inhibits NO production and iNOS expression by 
inhibiting MAPK signaling pathway in LPS-treated BV-2 
microglial cells. To investigate the mechanism of inhibition of 
LPS‑induced NO production and iNOS expression by hispidin 
in BV‑2 microglial cells, phosphorylation of MAPK signaling 
pathway‑related proteins (JNK, P38 and ERK) by hispidin 
was investigated. BV‑2 microglial cells were pretreated with 
20 µg/ml hispidin for 30 min and then treated with LPS 
(1 µg/ml) for the indicated times. As expected, LPS treatment 
increased the phosphorylation levels of JNK, P38 and ERK. 
However, after pretreatment with hispidin, the phosphorylation 
levels were downregulated and the P38 signaling pathway was 
inhibited to the greatest extent (Fig. 3A‑D). Next, to clarify 
whether hispidin inhibits LPS‑induced NO production in BV‑2 
microglial cells by inhibiting the MAPK signaling pathway, the 
inhibitory effects of MAPK inhibitors (P38, SB203580; ERK, 
PD98059; and JNK, SP600125), ROS scavenger (NAC) and 
selective inhibitor of iNOS (S‑methylisothiourea sulfate; SMT) 
on LPS‑induced NO production and iNOS protein expression 
were compared. The results indicated that all reagents, except 
NAC, reduced NO production and iNOS protein expression in 
LPS‑treated BV‑2 microglial cells (Fig. 3E‑G).

Hispidin inhibits the JAK1/STAT3 signaling pathway, but does 
not affect the NF-κB signaling pathway in LPS-treated BV-2 
microglial cells. In a previous study, hispidin was found to 
inhibit NF‑κB, MAPK and JAK1/STAT3 signaling pathways 
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Figure 1. HP inhibits the production of NO in LPS‑treated BV‑2 microglial cells. (A) Cells were treated with various concentrations of HP and cultivated for 24 h. 
Cell viability was evaluated by 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay. (B) The level of NO was analyzed in the culture medium using 
Griess reagent. (C) Cells were pre‑treated with designated concentrations of HP for 30 min prior to LPS treatment (1 µg/ml) and were incubated for 24 h. The cells 
were pretreated with 20 µg/ml HP for 30 min, followed by treatment with LPS (1 µg/ml) for the indicated durations. Cells were pre‑treated with 20 µg/ml HP for 30 
min, followed by treatment with LPS (1 µg/ml) for 24 h. The level of cellular ROS was detected using (D) flow cytometry when stained with CM‑H2DCFDA and 
(E) fluorescence microscopy when stained with Hoechst/DHE (blue/red). Scale bar, 200 µm. (F) Following treatment with LPS (1 µg/ml) for different durations, the 
level of cellular ROS was detected using flow cytometry after staining with CM‑H2DCFDA. Data are presented as the means ± standard error of the mean for three 
different samples. **P<0.01, ***P<0.001. HP, hispidin; NO, nitric oxide; LPS, lipopolysaccharide; ROS, reactive oxygen species; DHE, dihydroethidium; Con, control.

Figure 2. HP inhibits the expression of iNOS protein in LPS‑treated BV‑2 microglial cells. The level of iNOS protein expression was evaluated by western blotting. 
(A and B) Cells were pre‑treated with designated concentrations of HP for 30 min prior to LPS treatment (1 µg/ml) and were incubated for 24 h. (C and D) Cells 
were pretreated with 20 µg/ml HP for 30 min, followed by treatment with LPS (1 µg/ml) for the indicated durations. Data are presented as the means ± standard 
error of the mean for three different samples. **P<0.01 and ***P<0.001. HP, hispidin; NO, nitric oxide; iNOS, inducible NO synthase; LPS, lipopolysaccharide.
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in RAW264.7 macrophages and played an anti‑inflammatory 
role (17). The current results indicated that hispidin could 
inhibit the MAPK signaling pathway in LPS‑treated BV‑2 
microglial cells (Fig. 3) and changes were detected in two 
other signaling pathways by western blotting. Hispidin treat‑
ment was observed to downregulate the expression of p‑JAK1 
and p‑STAT3 compared to that in the LPS‑treated group; 
however, it had no significant effect on the protein expression 
of IκB‑α (Fig. 4). These results indicate that although hispidin 
inhibited the LPS‑induced JAK1/STAT3 signaling pathway in 
BV‑2 microglial cells, it had no effect on the NF‑κB signaling 
pathway.

Discussion

Microglia are resident immune cells in the CNS and the litera‑
ture has confirmed that they have a macrophage‑like phenotype, 
with regard to morphological and quantitative changes during 
microglial cell activation (5). Microglia form one of the main 
factors in the occurrence and development of neuroinflamma‑
tion (19). Undifferentiated, resting microglia are responsible 
for monitoring and patrolling the brain environment, as well 
as activating a response to injury and infection (20). Activated 
microglia trigger the inflammatory immune response in the 
nervous system by releasing cytokines, including IL‑1, IL‑6 

and TNF‑α, which clears damaged and necrotic cells or 
neurons from the lesion (21). However, when microglial cells 
remain activated, they secrete a large number of neurotoxic 
mediators, including inflammatory cytokines, inflammatory 
chemokines, ROS, NO and the excitotoxic amino acid gluta‑
mate, which disrupt synapses and neural connections in the 
brain, triggering a series of neuroinflammatory responses that 
result in neurodegenerative diseases, such as AD (22). These 
cytotoxic mediators interact with each other to amplify their 
own toxicity, induce neuronal death, damage the nervous 
system and increase the risk of central neurodegenerative 
diseases (23). This pathological process further activates the 
surrounding microglia, stimulates the excessive release of 
inflammatory mediators, induces central neuroinflammatory 
responses and forms a vicious cycle of central inflammatory 
cascade responses (24). Therefore, the aforementioned studies 
have collectively indicated that inflammation of brain tissue 
due to continuous activation of microglia is the key to the 
induction of neurodegenerative diseases.

NO is a highly unstable biological free radical, which is 
widely distributed in various tissues of mammals, particularly 
the nervous tissue (25). It is critical in various important physi‑
ological functions and is one of the main neurotransmitters in 
memory formation (26). NO is catalyzed by NOS to generate 
L‑arginine; there are three main types of NOS in the body, 

Figure 3. HP inhibits NO production and iNOS expression via inhibition of the MAPK signaling pathway in LPS‑treated BV‑2 microglial cells. Cell were 
pre‑treated with 20 µg/ml HP for 30 min, followed by treatment with LPS (1 µg/ml) as well as inhibitors (P38, SB203580; ERK, PD98059; and JNK, SP600125) 
for the indicated durations. (A) Protein expression levels of p‑ERK, ERK, p‑P38, P38, p‑JNK and JNK were detected by western blotting. (B‑D) The associ‑
ated protein expression levels are represented as the means ± SD. (E) Level of NO was evaluated in the culture medium using Griess reagent. (F) Protein 
expression of iNOS was detected by western blotting. (G) Associated protein expression levels are presented as means ± SD. *P<0.05, **P<0.01 and ***P<0.001. 
HP, hispidin; NO, nitric oxide; iNOS, inducible NO synthase; LPS, lipopolysaccharide; p, phosphorylated; NAC, N‑acetylcysteine; SMT, S‑methylisothiourea 
sulfate.
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namely, eNOS, present in endothelial cells, nNOS, present in 
neuronal cells, and iNOS, present in macrophages, hepato‑
cytes and glial cells (27). NOS is present in almost all tissues, 
and multiple subtypes coexist in the same tissue, for example, 
all three subtypes are present in the nervous system (28). As 
an intercellular second messenger, NO plays an important 
role in cardiovascular, neurological, immunomodulatory, 
anti‑inflammatory and antitumor processes (29). In the CNS, 
NO plays a dual role as an intercellular messenger for neuro‑
protection and neurotoxicity (11). NO produced under normal 
physiological conditions is beneficial to the functioning of the 
nervous system; studies have shown that low concentrations of 
NO plays an important role in brain neuromodulation, neuro‑
transmission and synaptic plasticity (8,30). When endogenous 
or exogenous NO is overproduced and released, it becomes a 
strong neurotoxic substance that can be involved in a variety of 
neurodegenerative and inflammatory pathological processes, 
leading to neuronal apoptosis and disease induction (8). 
A large volume of evidence has indicated excessive NO and its 
mediated apoptosis in organs and tissues to be associated with 
neurological diseases, such as epilepsy, AD, PD, amyotrophic 
lateral sclerosis and HD, as well as cerebral ischemia/reper‑
fusion injury and Down's syndrome (18,31‑34). This is of 
particular interest to neurodegenerative conditions, such as AD 
and PD, which increasingly are the focus of research on the 
pathogenesis and treatment of such diseases (3,35). Therefore, 

effective inhibition of NO production by activated microglia 
may be an important strategy to control neuroinflammation. In 
the present study, hispidin treatment was found to significantly 
decrease NO production and iNOS protein expression levels in 
LPS‑treated BV‑2 microglial cells. The effect of hispidin on 
iNOS mRNA was also investigated and hispidin treatment did 
not affect the mRNA content of iNOS (Fig. S1); hence, it was 
speculated that hispidin inhibits LPS‑induced NO production 
in BV‑2 cells by affecting iNOS protein synthesis, although 
the probable underlying mechanism requires further investi‑
gation. The current results indicate that hispidin may play an 
important role in the suppression of neuroinflammation.

In addition, the present results demonstrated the inhibitory 
effect of hispidin on ROS levels in LPS‑treated microglia. 
ROS includes oxygen‑containing radicals or oxygen atoms 
involved in oxidation reactions in the body, as well as 
peroxides and superoxides that produce oxygen radical 
electrons (36,37). ROS plays a vital role in regulating the 
process of neurodegenerative diseases (38,39). As an upstream 
regulator of inflammation, ROS increase the expression of 
pro‑inflammatory genes and induce neurotoxicity through 
lipid peroxidation (38,40). Moreover, oxygen free radicals 
catalyze the formation of neurotoxic substances with NO, such 
as peroxynitrite (36). A pharmacological studies have shown 
that oxidative stress damage is closely associated with neuro‑
inflammatory response, and jointly promotes the occurrence 

Figure 4. HP inhibits the JAK1/STAT3 signaling pathway, but has no effect on the NF‑κB signaling pathway in LPS‑treated BV‑2 microglial cells. Cells 
were pre‑treated with 20 µg/ml HP for 30 min, followed by treatment with LPS (1 µg/ml) for the indicated durations. (A) Expression levels of p‑JAK1, JAK1, 
p‑STAT3 and STAT3 proteins were detected by western blotting. (B and C) The associated protein expression levels are presented as the means ± SD, *P<0.05, 
**P<0.01 and ***P<0.001. (D) The expression of IκB‑α protein was detected by western blotting. (E) The associated protein expression levels are presented as 
means ± SD. HP, hispidin; LPS, lipopolysaccharide; p, phosphorylated.
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and development of CNS‑degenerative diseases (41,42). 
The present findings on the inhibitory effect of hispidin on 
ROS production suggested that hispidin could be a poten‑
tial anti‑inflammatory drug candidate for the treatment of 
LPS‑induced neuroinflammation.

In our previous study, it was reported that hispidin exerts 
anti‑inflammatory effects by extensively inhibiting the activa‑
tion of three signaling pathways in LPS‑induced RAW264.7 
macrophages, including NF‑κB, MAPK and JAK1/STAT3 (17). 
However, whether hispidin plays a role against neuroinflam‑
mation by inhibiting the signaling pathways in microglia 
remains unknown. The NF‑κB signaling pathway is heavily 
involved in the inflammatory response and consists of p65/p50 
and IκB. Of these, IκB inhibits NF‑κB, and the transcription 
of hundreds of genes, such as inflammatory factors, chemical 
chemokines, enzymes and adhesion molecules can be regu‑
lated only when this inhibition is removed (41). Typically, 
NF‑κB, consisting of p65/p50 and IκB, is present in the cyto‑
plasm in an inactive state (43). When a pathogen infects the 
cell, it acts as a pattern of pathogen‑associated molecules that 
is recognized by a pattern recognition receptor on the surface 
of the cell membrane and binds to it (44). This receptor‑ligand 
binding transmits an extracellular infection signal into the 
cell, which in turn recruits signal adapter proteins in the 
cytoplasm to phosphorylate, ubiquitinate and degrade IκB 
through activation of the IκB kinase complex (45). It can enter 
the cell nucleus, bind to DNA, and regulate the transcription 
and expression of inflammatory cytokines (45). The cytokines 
produced bind to receptors on the cell membrane, phosphory‑
late JAK, which in turn phosphorylates downstream molecules 
of STAT, ultimately inducing a transcriptional response and 
increasing gene expression of relevant inflammatory media‑
tors (46). Notably, the present results demonstrated that LPS 
decreased the expression of IκB‑α while hispidin had no 
effect on IκB‑α. This result was inconsistent with the previous 
finding in RAW264.7, in which hispidin increased the expres‑
sion of IκB‑α and inhibited activation of the NF‑κB signaling 
pathway. The appearance of this discrepancy was of interest 
and subsequently it was noted that hispidin had previously been 
reported as an inhibitor of cell permeability against protein 
kinase C (PKC) (47). During macrophage activation, PKC 
acts as an intermediate mediator of MAPK signaling pathway 
activation (48); while it has been shown that when PKC binds 
to a foreign stimulus, such as LPS, it leads to phosphorylation 
of IκB‑α (49). Therefore, the present study speculated that the 
reason why hispidin has different regulatory effects on the 
activated signaling pathway in the BV‑2 microglial cells and 
RAW264.7 is most likely due to the difference in the origin 
of the two cells, which leads to differences in PKC protein 
expression on the membranes of these two cells. However, 
this hypothesis requires further investigation. Meanwhile, the 
present study identified that hispidin significantly downregu‑
lated the phosphorylation of JAK1 and STAT3 and inhibited 
activation of the JAK1/STAT3 signaling pathway. Although 
the effect of hispidin on cytokine production by LPS‑activated 
BV‑2 microglial cells was not examined in the present study, 
inhibition of the JAK1/STAT3 signaling pathway implied that 
hispidin influences cytokine production.

MAPKs play an important regulatory role in the expression 
and secretion of a variety of inflammatory mediators (50,51). In 

our previous study, it was shown that inhibition of phosphory‑
lation of JNK inhibits the production of NO and expression 
of iNOS protein induced by LPS (17). In the present study, 
hispidin was found to inhibit the phosphorylation of p38, ERK 
and JNK, with p38 demonstrating the most marked change. 
Furthermore, the inhibitory effects of MAPK inhibitors, the 
ROS scavenger (NAC) and the selective inhibitor of iNOS 
(SMT) on LPS‑induced NO production and iNOS protein 
expression were compared. The results demonstrated that the 
addition of MAPK signaling pathway inhibitors decreased 
LPS‑induced NO production and western blot results showed 
the reduction of iNOS protein expression. These results 
collectively suggested that activation of the MAPK signaling 
pathway is associated with the activation of BV‑2 microglial 
cells by LPS. Conversely, the inhibition of NO by the addi‑
tion of other inhibitors may suggest that hispidin could be a 
potential inhibitor candidate of iNOS; however, the mecha‑
nism of this inhibition requires further investigation. The 
scavenging of ROS by NAC did not inhibit NO production 
and iNOS protein expression, indicating that ROS produced 
by LPS‑induced BV‑2 microglial cells does not promote the 
production of NO and that they may be relatively independent 
in the development of neuroinflammation.

Thus, the present study indicated that hispidin significantly 
inhibits NO production and iNOS expression by suppressing 
the MAPK signaling pathway, though not the NF‑κB signaling 
pathway, in LPS‑activated microglial cells. In addition, hispidin 
was shown to inhibit activation of the JAK1/STAT3 signaling 
pathway, which may have an effect on cytokine release. These 
findings may provide a novel insight into the possibility of 
hispidin serving as a therapeutic target for clinical treatment 
of neuroinflammation.
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