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Abstract

Switching microglial polarization from the M1 to M2 phenotype is a promising
therapeutic strategy for neuropathic pain (NP). Toll-like receptor 4 (TLR4) is acti-
vated by lipopolysaccharide (LPS). Uncontrolled activation of TLR4 has been
proven to trigger chronic inflammation. Kaempferol, a dietary flavonoid, is known
to have anti-inflammatory properties. This study is aimed to investigate the anal-
gesic and anti-inflammatory effects and the underlying mechanisms of
kaempferol, which were explored with an NP model in vivo and LPS-induced
injury in microglial BV2 cells in vitro. The levels of proinflammatory cytokines
were evaluated. H&E staining and immunohistochemistry were used to assess the
sciatic nerve condition after chronic constriction injury surgery. Western blotting
and immunofluorescence were used to determine whether TLR4/NF-xB signaling
pathway plays a major role in kaempferol-mediated alleviation of neu-
roinflammation. Quantitative real-time polymerase chain reaction and flow cyto-
metry were used to examine the modulator effect of kaempferol on microglial
M1/M2 polarization. We found that kaempferol treatment can significantly
reduce NP and proinflammatory cytokine production. Kaempferol attenuated the
activation of TLR4/NF-kB pathways in LPS-activated BV2 cells. The analgesic
effects of kaempferol on NP may be due to inhibition of microglia activation and

switching the M1 to M2 phenotype.
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1 | INTRODUCTION

Abbreviations: CCl, chronic constriction injury; ELISA, enzyme-linked immunosorbent assay;

ERK, extracellular signal-regulated kinase; iNOS, inducible nitric oxide synthase; JNK, c-Jun
N-terminal kinases; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinases; NF-
kB, nuclear factor-kappa B; NP, neuropathic pain; PGE2, prostaglandin E2; PMWT, paw
mechanical withdrawal threshold; PTWL, paw thermal withdrawal latency; TLR4, Toll-like

receptor 4; TNF-q, tumor necrosis factor-a.

The classification of chronic pain falls into three broad categories: pain
owing to tissue disease or damage (nociceptive pain, such as osteoar-
thritis), pain caused by somatosensory system disease or damage
(neuropathic pain [NP]), and coexistence of nociceptive and NP (mixed
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pain) (Baron, 2006). NP develops due to lesions or disease affecting
the somatosensory nervous system either in the periphery or cen-
trally, yet the clinical manifestation of the pain is similar across the dif-
ferent neuropathic syndromes and causes (Baron, Binder, &
Wasner, 2010; Colloca et al., 2017). NP greatly reduces the quality of
life of the patients. Currently available treatments exhibit only moder-
ate efficacy and have troubling side effects. Numerous studies have
reported the effectiveness of tricyclic antidepressants, gabapentin,
lamotrigine, phenytoin, pregabalin, opioids, and tramadol for treating
painful sensory neuropathy (Attal, 2001; Harden, 1999). These thera-
pies reduce pain by 30-50% but are accompanied by side effects,
such as sedation.

Substantial evidence suggests that neuroinflammation plays an
important role in the development of NP (Lurie, 2018). Microglial, resi-
dent macrophage-like immune cells in the central nervous system,
have been regarded as primary mediators of neuroinflammation
(Suzumura, 2013). In vivo studies have demonstrated that inhibition
of overactivated microglial can attenuate NP, suggesting that micro-
glial may represent a potential therapeutic target to combat NP (Dai
et al,, 2020; Inoue & Tsuda, 2018). Microglial can be activated in a
polarizing manner into a classical phenotype (pro-inflammatory, M1)
or an alternative phenotype (anti-inflammatory, M2). The M1 pheno-
type exacerbates neurotoxicity, whereas the M2 phenotype exerts
neuroprotection (Xu et al., 2017). Therefore, shifting the polarization
of microglial from the M1 phenotype toward the M2 phenotype may
be a promising strategy for the treatment of neuroinflammatory
disorders.

Several signaling molecules, including Toll-like receptor 4 (TLR4)/
nuclear factor-kappa B (NF-xB) and TREM2, are critical to the modula-
tion of microglial activation and neuroinflammation (J. Zhang
et al., 2019). TLR4 is an important pattern recognition receptor that acti-
vates both innate and adaptive immune cells. TLR4 activation by lipo-
polysaccharide (LPS) or damage-associated molecular patterns leads to
the production of pro-inflammatory cytokines. TLR4 is predominantly
expressed in the microglial of the brain and is stimulated by appropriate
ligands, including LPS. TLR4 ultimately activates various downstream
signal transduction pathways, including the NF-xB signaling pathway,
thus leading to transcription of a series of pro-inflammatory genes that
induce neuroinflammation and neurodegeneration (Lee et al., 2017).
Notably, LPS-activated microglial cells have been suggested to be a
good cellular model to test the efficacy of therapeutic compounds for
neuroinflammatory disorders (Le et al., 2001).

Considerable attention has focused on identifying naturally
occurring neuroprotective substances that may be promising thera-
peutics for NP. Flavonoids are involved in the inhibition of various
enzymes which provoke the inflammation process. Kaempferol (3, 4/,
5, 7tetrahydroxyflavone), a well-characterized natural polyphenol
and one of the most common dietary flavonoids, is commonly found
in tea, broccoli, grapefruit, and other various plant sources. It is
known to have antioxidative and anti-inflammatory properties.

Therefore, this study was designed to investigate whether
kaempferol exerts neuroprotection via inhibition of microglial activa-

tion and the subsequent neuroinflammation.

2 | MATERIALS AND METHODS

21 | Reagents

Kaempferol (K107144, HPLC >98%) was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. Pregabalin (Pfizer, Imported
drug number H20150620) for in vivo experiments was obtained from
Guangzhou Overseas Hospital, First Affiliated Hospital of Jinan Uni-
versity. Lipopolysaccharide 055:B5, TAK-242, JSH-23 (L2880,
S$80562, and M134534, respectively) and cell counting kit-8 (96992)
were purchased from Guangzhou Yiyou Biotechnology Biological Co.,
Ltd. PageRpLer Prestained Protein Ladder and Marker (P12083) was
obtained from Shanghai Bioscience Technology Co., Ltd (China). The
polyvinylidene fluoride (PVDF) membrane was captured from Mil-
lipore (Billerica, USA). Radioimmunoprecipitation assay (RIPA) was
purchased in Guangzhou Dingguo Biological Co., Ltd. (China). SYBR
Green Premix gPCR kit, Evo M-MLV RT Mix Kit, and RNase-free
water (AG11701, AG11728, and AG11012, respectively) were
obtained from Accurate Biotechnology Co., Ltd. ELISA kits of IL1p
(MM-0047R1), IL6 (MM-0190R1), IL10 (MM-0195R11), LPS (MM-
0647R1), PGE2 (MM-0068R1), and TNF-a (MM-0180R1) were pur-
chased from MEIMIAN Industrial Co., Ltd. (CHINA). The antibodies
used were as following: anti-TLR4 (505258, ZEN BIO), anti-p-actin
(380624, ZEN BIO), anti-NF-kB p65(A5075, BIMAKE), anti-JNK
(A5005, BIMAKE), anti-ERK (A5029, BIMAKE), anti-phospho-ERK
(A5036, BIMAKE), anti-lbal rabbit recombinant mAb (A5595,
BIMAKE), anti-p38 MAPK (8690S, CST), anti-phospho-p38MAPK
(4511S, CST), anti-phospho-SARK/JNK (T183/Y185) (4668, CST),
anti-S100b (GB11359, Servicebio), anti-Histone3 (GB11026, Ser-
vicebio), secondary antibody (E030120-02, EARTH), APC anti-mouse
CD206 (MMR) (141708, Biolegend), PE anti-mouse CD32(Fcgr2)
(156404, Biolegend). Phosphatase inhibitor cocktail 1 was purchased
from Wuhan Servicebio Biological Technology. Primary antibody dilu-
ent, secondary antibody dilution, WB transfer solution, WB electro-
phoresis solution, and immunol fluorescence staining kit were
purchased from Beyotime Biotechnology (Shanghai, China). Fixation
buffer (420801) and intracellular staining perm wash buffer (421002)

were purchased from Dakewe Biotech Co., Ltd. (Shenzhen, China).

2.2 | NP model

A rat model of NP was induced by chronic constriction injury (CCI) as
described in our previous study (D. Zhang, Sun, et al., 2020). First, we
injected pentobarbital sodium (2%, 50 mg/kg) into the rats. Then, the
rat limbs were fixed, and we exposed the right sciatic nerve. The right
sciatic nerve was ligated with 4.0 sutures at 4 sites approximately
1 mm apart under a microscope. During this time, we observed a small
twitch in the operated hind limb. Then, gentamicin (10 mg/ml, i.m.)
was injected into the right biceps femoris. Increased sensitivity of the
injured hind paw to pain after surgery indicated successful modeling
of chronic neuralgia. The rats in the sham group underwent cutting

and suturing of the skin and muscles without nerve ligation.



1 | WILEY.

CHANG ET AL.

2.3 | Invivo drug treatment

A total of 32 8-week-old adult male Sprague-Dawley rats (220-
280 g) acquired from the experimental center of Beijing Huafukang
Co. Ltd. were used in this study. All rats were acclimated for 10 days
before any experimental procedure. All animal experiments were
approved (approval number IACUC-20201223-07) by the Committee
on the Ethics of Animal Experiments and followed the guidelines of
the Institute of Laboratory Animal Science, Jinan University. Rats
were housed in a temperature-controlled environment and maintained
on a 12-hr light/dark cycle with food available ad libitum. The rats
were randomly divided into 4 groups: (a) sham operation group
(Sham)—the sciatic nerve of the right hind limb of the rats was
exposed, without ligation, the incisions were sutured layer by layer,
and an intragastrical (i.g.) injection of normal saline was administered
daily; (b) CCI model group (CCl)—the CClI model was established, and
then the rats were intragastrically administered with normal saline
daily; (c) pregabalin treatment group—the CCl model was established,
and then the rats were intragastrically administered with 10 mg/kg of
pregabalin every day; (d) kaempferol treatment group (Kae)—the CClI
model was established, and then the rats were intragastrically admin-
istered with 60 mg/kg of kaempferol every day (Li et al., 2019). The
injection was performed manually over a 30 s period in a single injec-
tion volume of 5 ml/kg. Each group was orally administered respective
treatments once per day for 21 days. At the end of the 21-day period,
the rats were fasted for 12 hr and then given euthanization for blood,

right sciatic nerve, spinal dorsal horn, liver, and kidney.

2.4 | Behavior assessments

The values of paw mechanical withdrawal threshold (PMWT) and paw
thermal withdrawal latency (PTWL) were measured 1 day before sur-
gery as preoperative values (namely, Day 0). The two indicators were
tested again on Days 1, 4, 7, 14, and 21 after surgery. Briefly, the rats
were individually placed in a plastic chamber (7 x 9 x 11 cm®) with a
smooth glass surface, 1 mm in thickness, on the bottom for PTWL
measurement. The heat source was located below the glass surface.
The rats underwent a familiarization period of 30 min before the
behavior tests. The heat was directed toward the ipsilateral paws of
the rats. To avoid tissue damage, an automatic 20s cut-off was set.
The procedure was repeated three times on each ipsilateral paw, with
a 5 min interval between each heat treatment (Hargreaves, Dubner,
Brown, Flores, & Joris, 1988). For the PMWT measurement, the rat
was placed in a transparent Plexiglass cube, 30 cm on each side, on a
shelf made of wire mesh with small holes. The rat's rapid foot-lifting
response during the stimulation time or when the Von-Frey is
recorded as a positive reaction. The average value of the pressure
value corresponding to Von-Frey is used as the foot lift threshold. We
used 26 g Von-Frey as the maximum folding force. When the mea-
sured value was greater than 26 g, we record 26 g (Mitrirattanakul
et al., 2006). All behavioral assessments were scored by individuals

who were blinded to experimental treatments.

2.5 | Hematoxylin-eosin staining

We incubated the ligated sciatic nerve tissues in 4% paraformalde-
hyde for 1 day, embedded them in paraffin, and sectioned them at a
thickness of 3 pm. The sections were deparaffinized in xylene and
rehydrated through 100, 90, 80, and 70% ethanol. Then, we rinsed
the sections in PBS for 5 min. After staining, two pathologists who
were blinded to the experimental design observed staining images

and assessed tissue damage.

2.6 | ELISA for the determination of
cytokine levels

An abdominal aorta blood sample was centrifuged at 3000 rpm for
15 min at 4°C. We obtained 800 ul of the supernatant, which was
immediately transferred to a clean sample tube and stored at —20°C
until ELISA measurement. The levels of various cytokines include
tumor necrosis factor (TNF)-a, interleukin (IL)-1p, IL-6, IL-10, LPS, and
prostaglandin E2 (PGE2) were measured by ELISA according to the
manufacturer's instructions. We used a microplate reader (BioTek

Corporation, USA) to measure the optical density (OD).

2.7 | Immunohistochemical determination
of the expression of IBA-1, S100b, and TLR4
in the sciatic nerve

Right sciatic nerves (from 3 rats) were fixed in 4% paraformaldehyde for
24 hr. After being washed with PBS twice and dehydrated, they were
embedded in paraffin, then sliced into 3 pm-thick sections. Sections from
the individual animals were incubated in sodium citrate antigen repair
solution (1:1000 dilution, pH = 6) and blocked in a 3% bovine serum
albumin solution for 30 min. The sections were incubated with primary
anti-lbal, anti-S100b, and anti-TLR4 antibodies overnight at 4°Cand
then with the corresponding secondary antibody. The sections were
rinsed with 0.1 M PB and followed by DAB. Finally, the slides were
washed in distilled water, dehydrated, made transparent, and sealed with
xylene. Images were captured under a bright-field microscope (Olympus)
and observed at x400 magnification. The positive cells were stained
yellow-brown. Mean optical density was analyzed using Image-Pro Plus
6.0 (Media Cybernetics, Inc., Rockville, MD, USA). At least three random

sections from each group were analyzed.

2.8 | Invitro cell culture and drug treatments

BV2 microglial cells were kindly provided by the Formula-pattern
research center of the school of traditional Chinese medicine at Jinan
University. The cell line used in the experiments was between passages
4 and 10. The cells were cultured in high glucose Dulbecco's modified
Eagle's medium (Gibco, Grand Island, NY) containing 10% fetal bovine
serum with antibiotics (penicillin and streptomycin) (1%) at 37°C in a 5%
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CO, humidified atmosphere. After reaching 70% confluency, the cells
were treated with LPS (1 pg/ml), kaempferol (10 uM, the dose of
kaempferol that significantly attenuated cell toxicity was selected on the
basis of CCK8 assay), and TAK-242 (10 uM) or JSH-23 (10 uM) for spe-
cific inhibition of the TLR4 and NF-kB, respectively. Kaempferol was dis-
solved in dimethyl sulfoxide (DMSO) and added to the cell culture
medium to a final concentration of 0.01% DMSO. All the chemicals/
drugs were incubated with the cells for 24 hr at 5% CO, and 37°C.

2.9 | Cell viability assay

A CCK-8 assay was performed to evaluate the cell viability after
kaempferol treatment. BV2 cells were incubated for 24 hr after plat-
ing in 96-well plates, and then treated with kaempferol of different
concentrations of 5, 10, 50, 100, 200, 250, 300, 350 uM for 24 hr,
then the culture medium was removed and replaced. After incubation
for another 24 hr, CCK-8 solution (10 pl) was added to each well and
further incubated for 1 hr. The absorbance of each well was measured

at a wavelength of 450 nm on a microplate reader.

210 | Western blotting

The right spinal dorsal horn from rats was homogenized in RIPA buffer
containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and cen-
trifuged at 14,0009 for 20 min. Total protein from the BV2 cells was
extracted in RIPA lysis buffer containing 1 mM PMSF and centrifuged
at 13,0008 for 20 min. The cell nuclear protein was obtained
according to the nuclear protein extraction kit (Solarbio Science &
Technology Co., Ltd, China). The supernatants were collected and
subjected to the BCA assay (Solarbio, China) to determine their pro-
tein concentration and then separated them by SDS-PAGE followed
by transferring the proteins from the gels to PVDF membrane and
blocking the membranes with 5% skim milk. The membranes were
incubated with the primary antibodies overnight at 4°C, washed with
1x TBST, and reacted with secondary antibodies for 1 hr. Lumines-
cence was observed by spraying the membranes with a fluorescent
solution, and the images were obtained using ChemiDoc MP Imaging
System (BIO-RAD). Western blotting was performed with anti-TLR4
(1:1000), anti-p38 MAPK (1:1000), anti-p-p38 MAPK (1:1000), anti-
JNK (1:1000), anti-p-JNK(1:1000), anti-ERK1/2 (1:1000), anti-p-
ERK1/2 (1:1000), anti-Iba-1 (1:1000), or anti-p-actin (1:1000), anti-H3
(1:1000) followed by horseradish peroxidase-conjugated goat anti-
rabbit secondary antibodies (1:10000). The densities of the bands
were quantified using ImageJ, while graphs were generated by Gra-

phPad Prism 8 software.

2.11 | Quantitative PCR (qPCR) assay

Total RNA was extracted from cells using TRIzol reagent (Invitrogen)

and then used for reverse transcription using a cDNA Reverse

Transcription Kit (Accurate Biotechnology, China). qRT-PCR was per-
formed using a SYBR Green PCR Mix kit (Accurate Biotechnology)
with specific primers synthesized by Tsingke Biotechnology Co., Ltd.
(Beijing, China) on the BIO-RAD CFX96 Real-Time PCR System (BIO-
RAD, United States). The amplification parameters were 95°C for
30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 34 s, 95°C
for 15 s, 60°C for 60 s, and 95°C for 15 s. The relative expression of

2—AACt

mRNA was calculated by the method after normalization to

B-actin. All primer sequences used are listed in Table 1.

2.12 | Immunofluorescence staining

A slide coated with poly L-lysine (0.1 mg/ml) was placed in a 6-well
plate. BV2 cells were cultured and treated as indicated, and fixed with
4% paraformaldehyde for 30 min at room temperature followed by
permeabilization using 0.3% Triton X-100 for 15 min. After three
rinses with PBS, the cells were blocked with 1% bovine serum albumin
for 1 hr. The cells were incubated with rabbit anti-NF-kB pé5 primary
antibody (1:200 dilutions) at 4°C overnight. On the following day, the
cells were washed with PBS three times and incubated with fluores-
cein isothiocyanate-conjugated goat anti-rabbit secondary antibody
(1:400 dilutions) for 1 hr at room temperature. The cells were treated
with an anti-fade mounting medium with DAPI for 10 min at 37°C in
the dark. All images were captured with a fluorescence microscope
(Olympus, Japan) and x400 magnification.

213 | Flow cytometry analysis

Cells were plated in 6-well dishes at a density of 1 x 10° per well and
incubated as aforementioned for 24 hr. The cells in the culture dish
were digested using trypsin and then washed and re-suspended in
cold PBS at a density of (1-3) x 10° cells/ml. The membrane protein
CD32 was detected by direct immunofluorescence staining. CD206
was fixed using fixation buffer and then permeabilized twice by intra-
cellular staining perm wash buffer. Then, the cells were incubated
with PE-conjugated monoclonal mouse CD32 antibodies or APC-
conjugated monoclonal mouse CD206 antibodies at room tempera-
ture in the dark for 30 min. The cells were washed twice with PBS
and re-suspended in 500 pl of 1 x PBS solution. APC and PE-
conjugated monoclonal antibodies with irrelevant specificity were
used as negative controls. The light scattering characteristics of each
sample (10° cells) were analyzed using flow cytometer (CytoFLEX,
Beckman Coulter, USA) equipped with FlowJo software (version
vX 0.7).

214 | Molecular docking between compound
and hub gene

The structure of ligand molecular was downloaded from the Tradi-

tional Chinese Medicine Systems Pharmacology Database and
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Gene Forward primer Reverse primer TABLE1  Primer sequences of qPCR
B-Actin CTACCTCATGAAGATCCTCACCGA TTCTCCTTAATGTCACGCACGATT
IL10 CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGG
IL1p GAAATGCCACCTTTTGACAGTG TGGA TGCTCTCATCAGGACAG
iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
CD32 TGGACAGCCGTGCTAAATCTT GGTCCCTTCGCATGTCAGTG
CD206 CTCTGTTCAGCTATTGGACGC CGGAATTTCTGGGATTCAGCTTC
Arg-1 GCATATCTGCCAAAGACATCG CTTCCATCACCTTGCCAATC
TNF-a CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA
-8~ Sham
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FIGURE 1

Kaempferol attenuated CCl-induced neuropathic pain. (a) PMWT and (b) PTWL were measured at 0, 1, 4, 7, 14, and 21 days

before and after CCl induction. Kaempferol relieved CCl-induced inflammatory cytokines overexpression. (c) Levels of IL6, IL10, and IL1p
measured by ELISA and (d) levels of LPS, PGE2, and TNF-a measured by ELISA. Kaempferol down-regulated CCl-induced overexpression of TLR4
and NF-kB protein. (e,f) TLR4 and NF-kB protein in rats spinal dorsal horn measured by western blotting. n = 3, *p < .05 versus sham group, and
#p < .05 versus CCl group. One-way ANOVA was used to determine the difference between groups

Analysis Platform (TCMSP). The 3D protein structure was
obtained from the RCSB PDB database (http://rcsb.org/). Then
we used PyMol software to remove all water molecules in the
protein 3D structure and added the polar hydrogen and Gasteiger
charges to the protein and ligands with AutodockTools 1.5.6. At
the same time, the docking box of the protein was predicted in

Deepsite (https://www.playmolecule.com/deepsite/). Autodock
Tools were applied to match compound and gene where Autodock
Vina was employed to find the best docking condition. The dock-
ing energy was used to evaluate the result of molecular docking.
Analysis and visualization of the docking results were realized by
the PyMol.
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215 | Statistical analyses

Each experiment was repeated successfully at least in triplicate. Statis-
tical data are presented as means + SEM and analyses were performed
with SPSS 20.0 (IBM, NY) and GraphPad Prism 8 (GraphPad Software,
CA) software. The significance of difference was assessed with one-
way ANOVA followed by a post hoc (Bonferroni) test for multiple
group comparisons if the data were normally distributed and homoge-

nous. p-value of <.05 was considered statistically significant.

3 | RESULTS
3.1 | Kaempferol relieved neuropathic pain in
CCl rats

As shown in Figure 1A,B, the PWMT and PWTL values of the CCl rats
in the model group were significantly lower than those in the sham
operation group (p <.05). However, compared with the CCl group,
kaempferol treatment significantly increased the PWMT and PWTL
values. Meanwhile, the PWMT and PWTL values in the Kae group
were significantly lower than those in the Sham group (p < .05). These

results indicated that kaempferol could alleviate NP in CCl rats.

3.2 | Inhibition of inflammatory cytokines by
kaempferol

ELISA was used to investigate whether kaempferol regulated the
expression of inflammatory cytokines in rat blood serum. The results
showed (Figure 1C,D) that the level of pro-inflammatory cytokines
was greatly increased by CCl stimulation, as demonstrated by the pro-
duction of IL-1p, IL-6, LPS, TNF-a, and PGE2. The anti-inflammatory
cytokines (IL-10) were decreased after CCl stimulation. Importantly,
kaempferol treatment inhibited CCl-induced pro-inflammatory
cytokine (IL-1p, IL-6, LPS, TNF-qa, and PGE2) synthesis and stimulated
IL-10 production.

3.3 | Effects of Kaempferol on sciatic nerve
morphology and the expression of Ibal, S100b, and
TLR4 in CCl rats

We observed from HE staining (Figure 2A) that the sciatic nerve struc-
ture in the sham operation group was complete, with no inflammatory
cell infiltration and no Schwann cell proliferation; While in the CCI
model group, it was observed that the sciatic nerve structure was des-
troyed, inflammatory cells infiltrated nerve fibers, and Schwann cells
proliferated in large numbers. Both pregabalin and kaempferol
reduced the number of inflammatory cells in the injured sciatic
nerve and it partially recovered the tissue structure but obviously did
not return to normal. After treatment, Schwann cell proliferation

decreased compared with that of the CCI model group, and

inflammatory cell infiltration decreased. Furthermore, immunohisto-
chemical analysis showed (Figure 2B,C) that the expression of Ibail,
S100b, and TLR4 in the CCl model rats was significantly higher than
that in the sham group, and they distinctly decreased after treatment
with kaempferol (Figure 2C, p < .05). All of these findings indicate
that kaempferol could ameliorate pathological changes and inhibit
TLR4 expression in the CCI rats. At the same time, we found both
pregabalin and kaempferol intragastrical injection did not induce any

obvious damage to rat liver (Figure 2E) and kidney (Figure 2F).

3.4 | Kaempferol down-regulated CCl-induced
TLR4/NF-xB overexpression in rats spinal dorsal horn

Figure 1E,F shows that compared with the sham group, the protein
expression of TLR4 and NF-kB p65 in the CCI model group was signif-
icantly increased (p < .05). However, the protein expression of TLR4
and NF-kB pé5 in the spinal dorsal horn of CCI rats decreased obvi-
ously after pregabalin and kaempferol treatment (p < .05).

3.5 | Effects of kaempferol on the viability
of BV2 cells

The results (Figure 3B) showed that kaempferol concentrations less
than 100 pM did not induce any detectable cytotoxicity or influence
BV2 cell viability but induced cytotoxicity at 250 pM concentration.
Kaempferol at different concentrations (5, 10, and 50 pM) showed
no significant toxic effects. We chose 10 pM as the dosing
concentration.

3.6 | Kaempferol promoted microglial polarization
to the M2 phenotype in LPS-induced BV2 cells

To determine the effects of kaempferol on LPS-induced inflammatory
mediators, gRT-PCR was used to investigate whether kaempferol reg-
ulated the expression of inflammatory cytokines. The LPS-induced
production of IL-1p, TNF-q, IL-10, iNOS, Arg-1, CD32, and CD206
was measured. The results showed (Figure 3C,D) that the level of M1
pro-inflammatory cytokines was strongly increased by LPS stimula-
tion, as demonstrated by the production of IL-1p, TNF-a, iNOS, and
CD32. M2 antiinflammatory cytokines (IL-10, Arg-1, and CD206)
were decreased after LPS stimulation. Importantly, kaempferol treat-
ment inhibited LPS-induced M1 pro-inflammatory cytokine (IL-18,
TNF-a, CD32, and iNOS) synthesis, whereas the production of M2
anti-inflammatory cytokines (IL-10, Arg-1, and CD206) was increased.
These results indicate that kaempferol suppresses LPS-induced pro-
inflammatory mediators and cytokine production in BV2 microglial
cells. Consistent with our findings described above, kaempferol signifi-
cantly decreased the LPS-induced IL-1B, TNF-q, iNOS, and CD32
mRNA levels (Figure 3C). In addition, treatment with TAK-242 and
JSH-23 further decreased LPS-induced IL-1p, TNF-a, iNOS mRNA
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group point out Schwann cells proliferation in large numbers and the red arrows point out that nerve structure was destroyed; (b,c) Iba-1, S100b,
and TLR4 positive cells expressed in rats right sciatic nerve; n = 3,*p < .05 versus sham group, #p < .05 versus CCl group. (d) H&E staining of

(e) rat liver and (f) rat kidney. Scale bar = 50 pm

levels compared with treatment with LPS. Conversely, treatment with
TAK-242 and JSH-23 increased LPS-induced IL10, Arg-1, and
CD206(Figure 3D). However, treatment with JSH-23 did not signifi-
cantly reduce the LPS-induced CD32 mRNA levels compared
(Figure 3C).

CD32 was used as a marker of M1 polarization, while CD206 was
employed as a marker of M2 polarization. To further determine
whether kaempferol switched microglial phenotype from M1 to M2
and to some extent exerted neuroprotective effect, we measured the
expression of CD32 and CD206 via flow cytometry to determine the
effect of kaempferol on phenotypic switching in BV2 cells. As shown
in Figure 3E-H, higher levels of CD32 immunoreactivity (Figure 3E)
and diminished CD206 immunoreactivity (Figure 3G) were detected

in LPS-treated cultures than in the control group (p < .05). Kaempferol
treatment decreased CD32 immunoreactivity and increased CD206
immunoreactivity (p < .05).

3.7 | Effects of kaempferol on TLR4/NF-xB
pathways

TLR4 is a microglial membrane receptor that plays an important role
in signaling pathways mediating inflammation. Because LPS may
induce neuroinflammation via interactions with microglial membrane
receptors, we first determined the levels of the key regulator-TLR4 in
LPS-treated BV2 cells. As shown in Figure 4A, the western blot
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of kaempferol for 24 hr, and cell viability was determined by CCK8 assay. Kaempferol switched the increase of M1 polarization in LPS-induced
BV2 cells and it stimulated the formation of the M2 phenotype. Same as TLR4/NF-kB inhibitor. (c) The relative levels of IL1p, TNF-q, iNOS, and
CD32 (M1 markers) mRNA were measured by RT-PCR. (d) The relative levels of IL10, Arg-1, and CD206 (M2 markers) mRNA were measured by
RT-PCR. Effects of kaempferol on M1/M2 polarization in LPS-induced BV2 cells. The proportion of M1 microglia (e,f) and the percentage of M2
microglia (g,h) were measured by flow cytometry. *p < .05 versus control group, #p < .05 versus LPS group, and ##p > .05 versus LPS group. One-

way ANOVA was used to determine the difference between groups

showed a persistent upregulation of TLR4 expression in LPS-treated
BV2 cells compared with the control group. However, kaempferol
treatment effectively inhibited TLR4 expression. Because the activa-

tion of NF-kB by LPS induced the expression of proinflammatory

cytokines, we evaluated the effects of kaempferol on the NF-xB path-
way via western blotting analysis. As shown in Figure 4A,B, LPS stim-
ulation resulted in the phosphorylation of NF-xB pé5 without

affecting the expression of NF-xB pé5. However, kaempferol
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treatment decreased the expression of p-NF-xB pé5. Together, these
results indicate that kaempferol abrogated the LPS-induced imbalance
of TLR4 by affecting downstream NF-«xB activation, which may proba-
bly contribute to the overactivation of microglial.

Interestingly, TAK-242 (a TLR4 inhibitor) and JSH-23 (an NF-xB
inhibitor) prevented LPS-induced overexpression of these proteins
(Figure 4A,B). Furthermore, LPS increased the p-NF-kB protein level,
while kaempferol and JSH-23 (an NF-kB inhibitor) reduced its level
significantly (Figure 4A,B).

The molecular docking maps were shown in Figure 4c as well as
the binding sites of TLR4 protein. The scores for the Kae-TLR4
molecule-protein docking were —7.5 kcal mol~2, suggesting that
Kaempferol was tightly bound to TLR4. Kae formed a hydrogen bond
with a bond length of 2.9, 3.0, and 2.5 Ain TLR4 protein amino acids
ASP100, ASP99, and GLU229, respectively (Figure 4C).

3.8 | Kaempferol inhibits LPS-induced JNK, ERK,
and p38 MAPK phosphorylation

We investigated the effects of kaempferol on the activation of
ERK1/2, JNK, and p38 MAPK in LPS-stimulated BV2 cells. As shown

(A) B-actin (B) g
_ £
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in Figure 5A-D, LPS strongly activated ERK, JNK, and p38 MAPK
(their phosphorylated forms, pERK, pJNK, pP38 MAPK are shown)
whereas ERK and JNK were slightly activated. Kaempferol had signifi-
cant inhibitory effects on LPS-stimulated ERK, JNK, and p38 MAPK

activation.

3.9 | Kaempferol attenuates LPS-induced NF-kB
activation in BV2 cells

NF-kB activation involves the translocation of the p65 subunit of NF-
kB into the nucleus. Thus, we investigated whether kaempferol
inhibits p65 nuclear translocation. Figure 4D,E show that the nuclear
phosphorylation level of NF-xB p65 was increased by LPS while TAK-
242, JSH-23, and kaempferol all inhibited the cell nuclear activation.
Immunofluorescence analysis showed that the pé5 protein was pri-
marily located in the cytosol during the untreated condition. When
BV2 cells were exposed to LPS, the p65 protein moved into the
nuclei, and the BV2 cells changed their morphology (Figure 6).
Kaempferol treatment reduced the p65 nuclear immunoreactivity, as
well as the morphological change induced by LPS. Interestingly, we

further examined whether NF-kB activation is involved in the signal
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FIGURE 4 Kaempferol inhibited LPS-induced inflammation in BV2 cells through TLR4/NF-xB signaling pathway. (a-b) TLR4, NF-kB, and p-
NF-kB protein level measured by western blotting. (c) The molecular docking prediction between kaempferol and TLR4 protein, (d,e) kaempferol
inhibited LPS-induced nuclear p-pé5 activation. n = 3, *p < .05 versus control group, and #p < .05 versus LPS group. One-way ANOVA was used

to determine the difference between groups
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transduction pathway caused by the NF-kB inhibitor JSH-23. Figure 6
shows that JSH-23 (10 puM) reduced pé5 nuclear immunoreactivity,
similar to the TLR4 inhibitor (TAK-242).

4 | DISCUSSION

In recent years, several phytochemicals have been comprehensively
investigated for their potential neuroprotective effects in various neu-
rological disorders (Kim et al., 2019; Patel & Udayabanu, 2017). Flavo-
noids possess a wide range of health-promoting properties and are
indispensable components in various pharmaceutical, cosmetics,
nutraceutical, and medicinal applications. They can modulate the func-
tions of key cellular enzymes as well as provide direct antioxidant and
antiinflammatory effects (Panche, Diwan, & Chandra, 2016).
Kaempferol is a polyphenol that is richly found in fruits and vegetables
(Figure 3A). It has been shown that kaempferol is involved in inhibiting
various enzymes that provoke the inflammation process induced by
mediators such as prostaglandins and nitric oxide production (Alam,
Khan, Shah, Cauli, & Saso, 2020).

Neuroinflammation leads to chronic pain by regulating the infil-
tration of immune cells, the activation of glial cells (mainly microglial
and astrocytes), and the production of inflammatory mediators in the
peripheral and central nervous system (Calvo, Dawes, &
Bennett, 2012). Neuroinflammation mediated by microglial is consid-
ered to be an important pathological process associated with NP

(Ellis & Bennett, 2013).
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Activation of microglial is one of the universal components of
neuroinflammation. In this study, we explored the anti-inflammatory
properties of kaempferol against CCl in vivo or LPS in vitro-induced
neuroinflammation by regulating microglial M1/M2 polarization by
down-regulating the TLR4/NF-xB signaling pathway.

Microglial are activated in response to nerve injury and then they
release proinflammatory cytokines such as TNF-«, IL-18, and IL-6,
thus initiating the NP process. ELISA measuring inflammation markers
such as TNF-a, IL-1p, IL-6, PGE2, and LPS in rat blood serum indicated
that kaempferol treatment could reduce inflammation compared with
the CCl model group (Figure 1C,D, p < .05). The H&E staining and
immunohistochemistry results all showed that compared with the
sham operation group, the sciatic nerve of rats in the CCl group was
more obviously damaged, and therefore, an inflammation reaction
was generated. While kaempferol treatment effectively alleviated the
pain caused by CCI, and 21 days of treatment significantly reduced
inflammation (Figure 1).

The Iba-1 antibody is generally used to detect microglial activa-
tion after peripheral nerve injury via immunocytochemical staining
(Ahmed et al, 2007). S100b is a helix-loop-helix protein with a
calcium-binding domain associated with various neurological disorders
through activation of the MAPK pathway, increasing NF-xB expres-
sion resulting in cell survival, proliferation, and gene up-regulation.
The S100b protein plays a crucial role in Alzheimer's disease,
Parkinson's disease, multiple sclerosis, and epilepsy because high
expression of this protein directly targets astrocytes and promotes

neuroinflammation. Increased levels of S100b are useful for assessing
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the release of inflammatory markers, and excitotoxicity-dependent
neuronal loss (Langeh & Singh, 2021). Immunohistochemistry of the
sciatic nerve showed there were numerous Iba-1, S100b, and
TLR4-positive cells in the CCI model group while kaempferol treat-
ment group distinctly reduced the numbers of these positive cells
(Figure 2B,C).

The M1 phenotype was originally induced by LPS or interferon
(IFN)-y stimulation and characterized by increased expression of several
proteins or cytokines, such as iINOS, CD32, CDé68, IL-1p, IL-6, and TNF-
o. The M2 phenotype is induced by IL-4, or IL-10 and is characterized by
increased expression of several proteins or cytokines, such as Arg-1,
mannose receptor (MR/CD206), IL-4, and IL-10 (Ruytinx, Proost, Van
Damme, & Struyf, 2018). IL-10 is an anti-inflammatory cytokine. It is

FIGURE 6 Inhibition of LPS-induced
NF-xB activation by kaempferol in BV2
cells. The translocation of the p65 subunit
of NF-kB was determined by
immunofluorescence. Representative
pictures from three independent
experiments are shown. Scale

bar = 50 pm

Merge

slowly but continuously increased following nerve injury, which may be
a compensatory and protective mechanism targeting the increase of pro-
inflammatory cytokines. Wang et al. found in their study that DUSP1
switched microglial M1 to M2 polarization in the mPFC and attenuated
CCl-induced NP by inhibiting MAPK signaling, suggesting that microglial
M2 polarization is involved in the analgesic effect of DUSP1, which
might represent a promising target to treat NP (Wang et al., 2021). It has
been reported that the analgesic effects of koumine on CCl-induced NP
may result from the inhibition of microglial activation and M1 polariza-
tion as well as the activation of astrocytes while sparing the
antiinflammatory responses to NP (Jin et al., 2018).

To further investigate the effect of kaempferol on microglial

M1/M2 polarization, LPS-induced BV2 microglial were used. Our
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results showed that kaempferol reduced the mRNA expression of M1
markers (CD32, IL-6, IL-1B, TNF-a, and iNOS) in LPS-induced BV2
microglial cells and that the upregulation of anti-inflammatory cyto-
kines (IL10, CD206, and Arg-1) indicates that kaempferol may act at
the transcriptional level to inhibit microglial M1 polarization
(Figure 3C, p < .05). Flow cytometry experimental results corrobo-
rated this speculation in that the data showed that treatment with
kaempferol significantly counteracted the influence LPS had on micro-
glial M1 polarization, as demonstrated by a decrease in the percentage
of M1 microglial (Figure 3F), and the expression of M1 markers
(CD32) (Figure 3E), and an increase in the percentage of M2 microglial
(Figure 3H) and the expression of M2 markers (CD206).

TLRs act principally to initiate an innate immune response, and
inflammation is the central hallmark of this response. Systemic inflam-
mation induced by TLRs results primarily from the activation of mac-
rophages and neutrophils, cell types with specialized functions in
innate immunity. TLR ligands cause macrophages to produce inflam-
matory cytokines such as TNF-a, IL-1, and IL-6 (Moresco, LaVine, &
Beutler, 2011). TNF-q, IL-1p, and IL-10 are the downstream inflamma-
tory cytokines of the TLR4 signaling pathway. Michela et al. clearly
demonstrated that the absence of TLR4 reduces the development of
neuroinflammation associated with PD through NF-xB, AP-1, and
inflammasome pathways modulation (Campolo et al., 2019). Curcumin
significantly alleviates LPS-induced inflammation by regulating micro-
glial (M1/M2) polarization by reducing the imbalance of TREM2 and
TLR4 and balancing the downstream NF-kB activation (J. Zhang
et al., 2019). Hesperetin attenuates the neuroinflammation-mediated
neurodegeneration, cognitive and learning decline, and memory
impairments by regulating the TLR4/NF-kB signaling pathway against
the detrimental effects of LPS (Muhammad, lkram, Ullah, Rehman, &
Kim, 2019). It has been reported that intrathecal injection of
epigallocatechin gallate, a TLR4 inhibitor, as well as a kind of flavo-
noids derived from green tea, exerted obvious neuroprotective effects
reflecting in that the expressions of TLR4, NF-xB, HMGB1, TNF-q,
and IL-1p were markedly decreased while the content of IL-10 in the
spinal cord increased significantly accompanied by dramatical
improvement of pain behaviors in CCI rats (Kuang et al., 2012). Dis-
coveries all imply that the TLR4 signaling pathway plays an important
role in the occurrence and development of NP, and is a promising
therapeutic target. To further validate whether kaempferol treatment
promotes microglial M2 polarization through the TLR4/NF-kB signal-
ing pathway, we treated BV2 cells with a TLR4 inhibitor (TAK-242) or
an NF-kB inhibitor (JSH-23) in the presence of LPS. TAK-242
(resatorvid), a small-molecule-specific inhibitor of TLR4 signaling,
inhibits the production of lipopolysaccharide-induced inflammatory
mediators by binding to the intracellular domain of TLR4 (Matsunaga,
Tsuchimori, Matsumoto, & li, 2011). JSH-23 (4-methyl-N 1-[3-phenyl-
propyl]-benzene-1,2-diamine) is a novel chemical synthetic com-
pound. The aromatic diamine JSH-23 compound has an inhibitory
effect on NF-xB transcriptional activity in LPS-stimulated RAW 264.7
macrophages and it interferes LPS-induced nuclear translocation of
NF-xB without affecting IkB degradation through a rare mechanism of

action for controlling NF-xB activation (Shin et al., 2004). Levels of

TLR4/NF-xB protein expression measured by western blot clearly
demonstrated that LPS-induced TLR4 activation was dramatically
reversed by kaempferol, similar to TAK-242 or JSH-23 treatment
(Figure 4A), indicating that it blocks the activation of this sensor mole-
cule of the neuroinflammatory pathway. NF-kB activation involves
the translocation of the p65 subunit of NF-kB into the nucleus. The
p65 protein was primarily located in the cytosol under untreated con-
ditions. When BV2 cells were exposed to LPS, the pé5 protein
appeared in nuclei, and BV2 cells changed their morphology, while
TAK-242, JSH-23, and kaempferol all inhibited its translocation
(Figure 6).

The activation of the NF-xB pathway causes the synthesis and
release of proinflammatory cytokines, including TNF-a, IL-6, and
IL-1p which may play a pivotal role in neuroinflammation while the
activation of the MAPK pathway may play an important role in the
regulation of neuronal plasticity. The MAPK pathway includes a
number of proteins, such as p38, ERK, and JNK, which are involved
in many facets of cellular regulation, from gene expression to cell
death (Chang & Karin, 2001). The TLR4-induced MAPK pathway
can initiate immune and inflammatory responses, defending
against harmful stimuli (P. Zhang, Yang, et al., 2020). The p38
MAPK pathway has also been linked to microglial activation and
contributes to postoperative thermal hyperalgesia and mechanical
allodynia in rats (Horvath, Landry, Romero-Sandoval, &
Deleo, 2010). Following TLR4 activation, a MyD88-independent
pathway can be activated. This culminates in MAPK signaling and
activation of the transcription factor NF-kB (Okun et al., 2009). It
has been reported that JNK is an essential mediator of several pro-
inflammatory stimuli in microglial, and intervention in this pathway
may be a therapeutic approach for treating inflammatory neurolog-
ical diseases (Waetzig et al., 2005). It has been reported that
Kaempferol is able to reduce LPS-induced inflammatory mediators
through the down-regulation of TLR4, NF-xB, p38 MAPK, JNK,
and AKT suggesting that kaempferol has therapeutic potential for
the treatment of neuroinflammatory diseases (Park, Sapkota, Kim,
Kim, & Kim, 2011).

In this study, we further examined the involvement of the MAPK
signaling pathway in the antiinflammatory effects of kaempferol. The
results revealed that kaempferol inhibited LPS-induced activation of
p38 MAPK, JNK, and ERK in BV2 cells, which have been reported to
be involved in inflammatory mediator production in response to a
wide variety of stimuli, including LPS. Both TLR4 and NF-kB inhibition
further blocked the LPS-induced phosphorylation of ERK1/2, JNK,
and p38 MAPK (Figure 5). Our microglial conditioned media results
indicate that kaempferol can be neuroprotective by suppressing

microglial activation.

5 | CONCLUSION
The analgesic effects of kaempferol on CCl-induced NP may result
from inhibition of microglial activation and switching the M1 to M2

phenotype while sparing anti-inflammatory responses.
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