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A B S T R A C T   

Fisetin (Fis), quercetin (Que), and myricetin (Myr) are flavonols with similar structure but different number of 
hydroxyl groups. The present research focused on the anti-inflammatory effect of these three flavonols in 
lipopolysaccharide-stimulated RAW264.7 cells. The number and site of hydroxyl group in flavonols obviously 
affected their anti-inflammation activity. These flavonols suppressed the overproduction of nitric oxide. Fis 
showed the best activity with an inhibition rate of 52% at 20 μM. Moreover, the flavonols reduced the levels of 
ROS, TNF-α, and IL-6. The mechanistic study showed that they inhibited the activation of NF-κB and MAPK 
pathways by suppressing the phosphorylation of IκBα, p65, JNK, ERK, p38, MEK, and reducing the nuclear 
translocation of NF-κB p65. In addition, the metabolism of the flavonols was examined. The results indicated that 
Fis was both methylated and glucuronidated. Que and Myr were mainly transformed into methylated products. 
This study highlights the anti-inflammatory activity of flavonols, particularly Fis, which has the potential for the 
prevention or treatment of inflammation as an adjuvant medicine or food additive.   

1. Introduction 

Inflammation is a kind of physiological responses in immune system 
that protects human bodies against tissue injury or infection (Chen et al., 
2020b; Liu et al., 2021). Inflammatory response under normal condition 
has protective effects on body functions, but it would cause host injury 
when lacking control (Ayala et al., 2019). For instance, chronic in
flammatory diseases have been reported to associated with rheumatoid 
arthritis (Tu et al., 2019), cardiovascular disease (Furman et al., 2019), 
and Alzheimer’s disease (Qian et al., 2021). Macrophage is an important 
immune cell and plays a pivotal role during inflammation in host de
fenses against pathogens infection. Lipopolysaccharide (LPS)-induced 
inflammation in RAW264.7 murine macrophagies is a widely used 

inflammation model. The stimulated cells exhibit typical inflammatory 
responses by producing nitric oxide (NO) and reactive oxygen species 
(ROS) levels, and generating pro-inflammatory mediators such as 
interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and inducible 
NO synthase (iNOS) (Lim et al., 2021; Tian et al., 2021). Several 
signaling pathways were demonstrated to be closely associate with 
inflammation in LPS-induced RAW264.7 cells. The transcriptional 
regulator nuclear factor-κB (NF-κB) is vitally involved in the patho
genesis of various inflammatory diseases, which modulates the pro
duction of many cytokines and mediators (Chen et al., 2020a,b). Besides, 
NF-κB could be activated through mitogen activated protein kinase 
(MAPK), such as c-Jun NH2-terminal kinase (JNK), extracellular 
signal-regulated kinase (ERK) and p38, which are regulated by 
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mitogen-activated protein kinase (MEK) (Buchanan et al., 2010; Huang 
et al., 2012). 

Dietary flavonols are typical and promising phytochemicals 
belonging to the flavonoids. They have been recognized to exert various 
effects such as anti-oxidantion, anti-microbe, anticancer, anti- 
inflammation, and anti-hypoglycemia (Barreca et al., 2021; Wang 
et al., 2006; Zhao et al., 2020). Fis (3,3′,4′,7-tetrahydroxyflavone), Que 
(3,3′,4′,5,7-pentahydroxyflavone), and Myr (3,3′,4′,5,5′,7-hexahydrox
yflavone) are three structural related flavonols, which have the same 
3-hydroxyflavone backbone (Fig. 1A). However, they have minor 
structural differences. Fis does not have a 5-OH group and Myri has a 
3′-OH group when they were compared with Que. These minor differ
ences might attribute to the difference in their bioactivities (Funa
koshi-Tago et al., 2011). Fis is widely found in strawberry, onion, and 
grape (Arai et al., 2000). Que is a major flavonoid of many fruits and 
vegetables such as mango, apple and tea (Kandemir et al., 2021). Also, 
Myr is distributed in many foods including berry, onion, and red wine 
(Cao et al., 2020). These three compounds are common flavonols 
distributing in many foods, which would have more application value 
for exploring potential adjuvant treatment for inflammation. Different 
structures of polyphenols were observed to have various pharmacolog
ical activities, absorption, metabolism (Hollman, 2004; Tian et al., 
2021). However, there is no comparative and systematic research on the 
anti-inflammatory effect and metabolism of Fis, Que, and Myr in vitro. 
Therefore, in this present work, we selected the compounds of Fis, Que, 
and Myr to examine their anti-inflammatory potential and the under
lying mechanisms and metabolism in LPS-induced RAW264.7 macro
phage model. 

2. Materials and methods 

2.1. Chemicals and reagents 

Lipopolysaccharide (LPS) from Escherichia coli O111:B4, dimethyl 
sulfoxide (DMSO), and Griess reagent were purchased from Sigma 
Aldrich (St. Louis, MO, USA). Dichlorodihydro-fluorescein diacetate 
(DCFH-DA) probe (S0033S) and 3-(4, 5-dimethylthiazol-2-yl)-2, 5- 
diphenyltetrazolium bromide (MTT) were obtained from Beyotime 
Biotechnology (Shanghai, China). Penicillin-streptomycin (P/S), Dul
becco’s Modified Eagle Medium (DMEM/high glucose), fetal bovine 
serum (FBS), and phosphate-buffered saline (PBS) were purchased from 
Gibco (Carlsbad, CA, USA). Primary antibodies against iNOS, JNK, ERK, 

MEK, IκBα, NFκB p65, phosphorylated (p)- JNK, p-ERK, p-MEK, p-IκBα, 
p-p65, GAPDH, Lamin B, and the secondary antibody were acquired 
from Cell Signaling Technology (Danvers, MA, United States). TNF-α 
and IL-6 ELISA kits were obtained from Neobioscience Technology Co., 
Ltd (Shenzhen, China). Fis, Que, and Myr were purchased from Tokyo 
Chemical Industry Co., Ltd. The HPLC purity of them was ≥97.0%. 

2.2. Cell culture and flavonols treatment 

A mouse macrophage cell line RAW264.7 was purchased from the 
American Type Culture Collection (ATCC, VA, USA). The RAW264.7 
cells were cultured in DMEM/High Glucose with 1% P/S (v/v) and 10% 
(v/v) FBS and maintained in the atmosphere of 95% humidity and 5% 
CO2 at 37 ◦C. The cells were sub-cultured into a new 50 cm2 flask 
(Thermo Fisher Scientific, MA, USA) when they reached 80% conflu
ence. Fis, Que, and Myr were dissolved in DMSO to yield stock solutions 
of 100 mM and stored at − 20 ◦C. Then they freshly diluted with DMEM 
with 10% FBS to make working solutions, which the concentrations of 
DMSO were less than 0.1%. 

2.3. Cytotoxicity assay 

Cell viability was detected by MTT method with a few modifications 
(Miao et al., 2019). RAW 264.7 cells (1 × 104 cells/well) were seeded 
into 96-well plates and adhered overnight. Then, the cells were treated 
with DMEM or increasing concentrations of flavonols (Fis at 5, 10, and 
20 μM; Que at 10, 20, and 40 μM; Myr at 20, 40, 80 μM) for 24 h. Then, 
the supernatant was removed and 100 μL solution of MTT (10 mg/ml) 
with flesh DMEM (MTT: DMEM = 1: 10) was added to each well, 
incubating at 37 ◦C for 3 h. Thereafter, the MTT media were carefully 
replaced with 150 μL DMSO for dissolving the formazan crystals. After 
shaking for 30 min, the absorbance at 490 nm was read through a 
microplate spectrophotometer reader (Molecular Devices, USA). And 
the cell viability of the control group was regarded as 100%. The ex
periments were performed in triplicate of each flavonol. 

2.4. Measurement of NO 

RAW264.7 cells were seeded in 24-well plates at a density of 4 × 104 

cells/well and incubated overnight at 37 ◦C with 5% CO2. After pre- 
treatment with indicated concentrations of three flavonols for 4 h, 
cells were stimulated with LPS (1 μg/ml) for another 12 h. Then, 100 μL 

Fig. 1. Cytotoxicity of flavonols on RAW 264.7 macrophages. (A) The chemical structures of flavonols were drawn by KingDraw software. (B) Cells were pretreated 
with 5, 10, 20, 40, and 80 μM of flavonols for 24 h and detected by MTT assay. Data were expressed as mean ± SD. *P < 0.05 and ****P < 0.0001 versus Control. 
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supernatants of were transformed into a new 96-well plate. And the 
Griess reagent was added and the 96-well plate was shaken for 30 min in 
dark conditions. The absorbance of the final solution was measured at 
540 nm by a microplate reader. The inhibition rates of NO release were 
shown to express the percentage of NO production in flavonols and only 
LPS groups. This assay was performed in triplicate. 

2.5. Enzyme linked immune Sorbent assay (ELISA) 

RAW 264.7 cells were pretreated with different concentrations of Fis, 
Que, and Myr for 4 h and stimulated with LPS (1 μg/mL) for 12 h. The 
cell supernatant samples were collected to detect the cytokine levels of 
IL-6 and TNF-α by ELISA kits according to the manufacturers’ protocols. 
The absorbance at 450 nm was read through a microplate spectropho
tometer reader. 

2.6. Detection of intracellular ROS production 

RAW 264.7 (2 × 105 cells/well) cells were seeded in 6-well plates 
and cultured for 12 h. Cells were pretreated with Fis at 20 μM, Que at 40 
μM, and Myr at 80 μM for 4 h, and exposed to LPS (1 μg/ml) for 12 h. 
DCFH-DA reagent (10 mM) was diluted to 5 μM by DMEM (1:2000) in 
dark condition. The cells were discarded and added 1 mL DCFH-DA 
diluted solution, incubating at 37 ◦C for 20 min. Then, the solution 
was discarded and cells were washed three times with DMEM to remove 
DCFH-DA that existing on the cell surfaces. Finally, cells were collected 
into 1.5 mL tubes and suspended with 200 μL PBS to determine the 
intracellular ROS production by flow cytometer (Beckman, USA). The 
FlowJo software (BD, America) was conducted for analysis. 

The immunofluorescence analysis was also done to investigate the 
ROS production. The preliminary procedure was almost the same as for 
flow cytometer detection. However, the cells were not need to be 
collected instead of filling with 300 μL PBS, and they were taken photos 
using DMI8 inverted fluorescent microscope (Leica, Germany). 

2.7. Western blot analysis 

RAW 264.7 (2 × 105 cells/well) cells were seeded in 6-well plates 
and cultured for 12 h. Cells were stimulated with LPS (1 μg/mL) for 
30min or 12 h in the absence or presence of different concentrations of 
flavonols for 4 h. The supernatants were discarded after centrifugating 
for 6 min at 2000 rpm. And 100 μL RIPA buffer containing with 1% 
protease inhibitor cocktail and 1% phenylmethylsulfonyl fluoride 
(PMSF) (Beyotime, China) was added into harvested cells and incubated 
for 40 min on ice. Then they were centrifuged (1500 rpm, 15 min) at 4 ◦C 
and collected the supernatants to obtain the total protein. Nuclear 
protein was fractionated with nuclear extraction reagent from Nuclear 
and Cytoplasmic Protein Extraction kit (Beyotime, China) according to 
the manufacture’s instruction. The concentrations of total protein and 
nuclear protein were determined by Thermo Pierce BCA protein assay 
kit (Thermo Scientific, USA). Proteins were dissolved by SDS/PAGE 
loading buffer and boiled for 10 min at 99 ◦C. Subsequently, the same 
amounts of protein (20 μg) were isolated by 8%–10% SDS-PAGE gels 
and transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad, 
USA). The membranes were blocked by 5% de-fatted dry milk in Tris- 
Buffered Saline/Tween 20 (TBST) for 1 h and probed with correspond
ing specific primary antibodies diluted with TBST at 1:1000 overnight at 
4 ◦C (GAPDH, Lamin B, IκBα, p-IκBα, NFκB p65, p-p65, JNK, p- JNK, 
ERK, p-ERK, p38, p-p38, MEK, p-MEK, and iNOS). The membranes were 
washed with TBST for 3 times and incubated with the secondary anti
body diluted with TBST at 1:2000 for 1 h at room temperature. After 
washing with TBST for another 3 times, the protein bands were visual
ized by an enhanced chemiluminescence detection kit and scanned by 
Bio-Rad ChemiDoc™ MP Imaging System (Bio-Rad, USA). The bands 
were quantified by Image J densitometry software. 

2.8. Immunofluorescence assay 

RAW 264.7 cells (1 × 104) were cultured in the confocal dishes 
(NEST Biotechnology Co., Ltd, China) overnight. Then, cells were pre
treated with the highest concentration of selected flavonols for 4 h, 
followed by inducing LPS (1 μg/mL) for 30 min. After treatment and 
stimulation, cells were washed with cold PBS for 3 times and immedi
ately fixed in 4% paraformaldehyde for 15 min. Cold PBS was used to 
washed the cells for another three times and 0.5% Triton X-100 solution 
was added for cell permeabilization for 20 min at room temperature. 
Next, cells were blocked with 3% BSA for 1 h in the cell incubator and 
followed by incubating with primary antibody rabbit NF-κB p65 (1: 500 
dilution) for 2 h at room temperature. Cells were washed with ice-cold 
PBS for 3 times and incubated with secondary antibody Alexa Fluor 
568 goat anti-rabbit IgG (H + L) (1:500 dilution) for 1 h at dark at room 
temperature. Lastly, cells were stained by 4′,6-diamidino-2-phenyl
indole (DAPI) for 10 min at dark for labeling cell nucleus and photo
graphed by Leica TCS SP8 Confocal Laser Scanning Microscope System 
(Leica, USA). 

2.9. Metabolism of flavonols in RAW264.7 cells 

RAW cells were cultured in 6-well plates of DMEM (10% FBS) culture 
medium without P/S. Different time points (5 min, 30 min, 6 h, 16h) 
after adding flavonols were set up to collect the cells. The concentration 
treatments of flavonols and LPS were the same as section 2.3. Besides, 
LPS did not added into cells at 5 min and 30 min, but added after pre
treating flavonols for 4 h. At different time points, 500 μL of cell culture 
medium supernatant was removed and pipetted into a 1.5 mL centrifuge 
tube containing 1000 μL of methanol (HPLC grade, − 20 ◦C). The 
remaining medium was immediately discarded and cells were washed 
with 1 mL PBS three times. Cells were then scraped using 100 μL MiliQ 
water once and 100 μL of methanol (HPLC grade, − 20 ◦C) twice 
respectively. The solutions were combined in a 1.5 mL centrifuge tube 
and sonicated at 0oC for 30 min. Finally, all tubes were centrifuged at 
20,627 g for 15 min at 0 ◦C and the supernatants were used to analyze 
the metabolism of flavonols in RAW264.7 cells by UPLC- LTQ Orbitrap 
XL hybrid FTMS system in positive ion (ESI) mode. 

UPLC-MS/MS analysis was performed on a Thermo UltiMate 3000 
UHPLC system and a Thermo Scientific LTQ Orbitrap XL hybrid FT Mass 
Spectrometer (San Jose, CA, USA). Chromatographic separation on the 
system was achieved on a Waters ACQUITY UPLC HSS T3 1.8 μm, 2.1 ×
150 mm column (Waters Technology, USA). The mobile phase was a 
gradient of 0.1% formic acid in MiliQ water (A) and acetonitrile (B) at a 
flow rate of 0.3 mL/min. The injection volume was set at 10.0 μL. The 
elution gradient was set as follows: 0–5 min, 15% B; 5–10 min, 15–25% 
B; 10–20 min, 25–40% B; 20–25 min, 40–45% B; 25–30 min, 45-15% B. 
The MS detection was carried out by using electrospray ionization (ESI) 
on positive ionization mode with capillary temperature of 380 ◦C, 
sheath gas (N2) flow rate of 48 arbitrary units (arb), auxiliary gas flow 
rate of 15 arb and ion spray voltage of 4.5 kV. The acquisition time was 
30 min and full MS scans were acquired in the range of m/z 80–1500 
with a mass resolution of 30,000. MS1 and MS2 data including retention 
time, quasi-molecular ions and fragment ions information were 
collected using Xcalibur software (Thermo Fisher Scientific, CA, USA) 
for data collection and analysis. These data were combined with the 
characteristic fragment ions, chemical structure, and reaction charac
teristics of Fis, Que, and Myr to analyze their metabolism in macrophagy 
cells. 

2.10. Statistical analysis 

All data were analyzed by GraphPad Prism 7 software and shown as 
mean ± SD. Significant differences between the experimental groups 
were determined through one-way ANOVA. p < 0.05 was regarded 
statistically significant. Every experiment was conducted for at least 
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three times. 

3. Results 

3.1. Toxicity of flavonols on RAW 264.7 cells 

In order to evaluate whether flavonols have potential cytotoxicity at 
the texted concentrations, MTT assay was used to determine the effect of 
flavonols on the viability of RAW 246.7 cells. Cells were incubated with 
flavonols for 24 h and the results showed that the cell viability was 
significantly decreased when treated with over 20 uM Fis and over 40 
uM Que comparing with the control group. Therefore, the safe con
centrations of flavonols were Fis at 5, 10, and 20 μM, Que at 10, 20, and 
40 μM, and Myr at 20, 40, 80 μM (Fig. 1B), which were used for the 
following experiments. 

3.2. Flavonols inhibited LPS-induced NO release and pro-inflammatory 
proteins production in RAW264.7 cells 

Excessive NO production is a typical sign of inflammation in acti
vated RAW264.7 cells (Peng et al., 2020). The nitric oxide release in the 
LPS group was significantly higher than the control group (p < 0.0001) 
(data not shown). Results showed that three flavonols could dramati
cally inhibited NO release dose-dependently compared with the LPS 
group (Fig. 2A). Specifically, the inhibitory rates were 6.84%, 17.92%, 
and 51.92% in Fis group of 5, 10, and 20 μM, 20.25%, 36.67%, and 
59.97% in Que group of 10, 20, and 40 μM, and 14.47%, 17.71%, and 
25.91% in Myr group of 20, 40, 80 μM, respectively. Regarding the same 
concentration of 20 μM for comparison, Fis has the strongest inhibition 
effect (51.92%) on NO release, and Que ranked the second. Myr showed 
the least inhibition effect (14.47%) at 20 μM, and it only had 25.91% 
inhibition even at its highest concentration at 80 μM. The iNOS protein 
played a vital role during inflammation (Fu et al., 2014). Western 
blotting was performed to evaluate whether the NO release is related to 
the modulation of iNOS expression. The result showed that LPS signif
icantly increased the expression of iNOS protein, which could be 
reversed by the three flavonols with variable effects (Fig. 2D and E). 
Similarly, the expression levels of iNOS were inhibited to the greatest 
extent by Fis at 20 μM, followed by Que, while Myr had the lowest effect. 

This result was consistent with that of NO inhibition. 
In addition, great amounts of pro-inflammatory proteins were pro

duced by activating macrophages when the inflammation triggers (Su 
et al., 2017). LPS strongly increased the expression levels of IL-6 and 
TNF-α, which were reduced by flavonols in dose-dependent manners 
(Fig. 2B and C). Notably, these inflammatory mediators’ expression was 
inhibited greatly by Fis group at 20 μM treatment. Taken together, the 
above data implied that the three flavonols effectively suppressed 
LPS-stimulated inflammatory responses in macrophages, among which 
Fis exhibited the strongest anti-inflammatory effect. 

3.3. Flavonols suppressed LPS-induced ROS production in RAW264.7 
cells 

It was reported that inflammation is closely related to oxidative 
stress, with increased intracellular ROS levels. ROS was regarded as one 
of the inflammatory mediators (Ji et al., 2018). Flow cytometry analysis 
was performed to text the ROS levels under LPS (1 μg/mL, 12 h) in
duction. LPS stimulated excessive ROS production in cells compared 
with the control group, while the ROS production was decreased in the 
presence of all selected flavonols, especially in Fis group at 20 μM 
(Fig. 3A and B). Moreover, the fluorescence of ROS in cells captured by 
Lecia DMI8 microscope showed the same tendency as the results of flow 
cytometry (Fig. 3C). These data confirmed that the three flavonols had 
the ability to reverse LPS-induced ROS production to some extent. 
Notably, Fis could almost completely inhibit the ROS production. 

3.4. Flavonols inhibited the activation of MAPK signaling pathways in 
LPS-induced RAW264.7 cells 

To further explore whether the anti-inflammatory effects of flavonols 
are associated with MAPK signaling pathways, the expressions of 
phosphorylation of JNK, ERK, p38, and MEK proteins were investigated 
by western blotting assays. RAW264.7 cells were pre-treated with fla
vonols and stimulated with LPS (1.0 μg/ml) for 30 min. As shown in 
Fig. 4A, the ratios of p-ERK/total ERK and p-MEK/total MEK were up- 
regulated substantially by LPS but inhibited by Fis at 20 μM. Howev
er, the ratios of p-JNK/total JNK and p-p38/total p38 slightly decreased 
with no significant differences between LPS group and Fis group. The 

Fig. 2. The inhibitory effects of flavonols on inflammatory responses. RAW 264.7 cells were pretreated with different concentrations of flavonols for 4 h and then 
induced with LPS (1 μg/ml) for 12 h. The supernatant were used for (A) detection of NO release with Griess reagent and determination of (B) IL-6 and (C) TNF-α with 
ELISA kits. The cells were collected for analysis of (D, E) iNOS expression by western blotting. Data were mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P 
< 0.0001 versus LPS, ####P < 0.0001 versus Control. 
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ratios of p-ERK/total ERK and p-MEK/total MEK were remarkably lower 
in 20 μM and 40 μM Que groups than LPS group (Fig. 4B). However, the 
ratios f p-JNK/total JNK and p-p38/total p38 only slightly decreased in 
Que group with no significant differences compared to LPS group. 
Notably, Myr could down-regulated p-JNK, p-ERK, p-MEK, and p38 
protein expressions apparently (Fig. 4C). These results suggest that anti- 
inflammatory activities of Fis, Que, and Myr might be through blocking 
the activation of MAPK signaling pathways. 

3.5. Flavonols inhibited the activation of NF-κB signaling pathways in 
LPS-induced RAW264.7 cells 

NF-κB is a typical transcription factor for regulating inflammatory 
genes expression in LPS-induced inflammation (Ding et al., 2022). To 
further reveal the molecular mechanisms of inflammatory suppression 
of flavonols, the activity of NF-κB signaling pathway was investigated by 
Western blot. The expressions of phosphorylated-p65 and IκBα proteins 

Fig. 3. Effects of flavonols on intracellular ROS in LPS-induced RAW264.7 cells. Cells were pretreated with flavonols for 4 h and induced with LPS (1 μg/ml) for 12 h, 
then they were incubated with DCFH-DA. Positive cells were (A, B) counted by cell flow cytometry and (C) visualized by Leica DMI8 fluorescence. Values were mean 
± SD. *P < 0.05 and ****P < 0.0001 versus LPS, ####P < 0.0001 versus Control. 

Fig. 4. Effects of flavonols on the activation of MAPK signaling pathways in LPS-induced RAW264.7 cells. Cells were pretreated with flavonols for 4 h and induced 
with LPS (1 μg/ml) for 30 min. The protein expression levels of p-JNK, JNK, p-ERK, ERK, p-MEK, MEK, p-p38, and p38 in Fis (A), Que (B), and Myr (C) were 
determined by western blotting. Values were mean ± SD. *P < 0.05, **P < 0.01, and ****P < 0.0001 versus LPS, ####P < 0.0001 versus Control. 
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were increased in LPS-induced RAW264.7 cells, but they were reversed 
by Fis treatment at the highest concentration at 20 μM (Fig. 5A). These 
proteins were also markedly declined at the middle and high dose of Que 
treatment (Fig. 5B). In addition, Myr could decrease these proteins ex
pressions in a dose-dependent manner (Fig. 5C). The nuclear trans
location of p65 protein is an important step for the function of NF-κB 
pathway, so the nuclear cell fractions were separated for the determi
nation of p65 (Tu et al., 2019). Results showed that the nuclear 
expression levels of NF-κB p65 were dramatically increased in the LPS 
stimulation compared with control group, while flavonols pretreatment 
inhibited the LPS-induced nuclear accumulation of NF-κB p65. The in
hibition effects were significant in Fis and Que groups at 20 μM (Fig. 5D 
and E) and Myr group at 40 and 80 μM in (Fig. 5F). An immunofluo
rescence assay was performed to confirm the nuclear translocation of 
NF-κB p65. The red color intensity which presented the p65 fluorescence 
was accumulated in the nucleus after LPS induction, but it was reversed 
by flavonols treatment, which was nearly the same intensity as the 
control group (Fig. 5G). Overall, these data implied that three flavonols 
significantly inhibited the activation of LPS-stimulated NF-κB signaling 
pathway. 

3.6. Metabolism of flavonols in RAW264.7 cells 

To further reveal the anti-inflammatory effect of flavonols, it is 
necessary to explore the metabolism of flavonols in macrophages. Me
dium with flavonols were added into cells and collected them at 
different time points (5 min, 30 min, 6 h, and 16h) followed by UPLC- 
MS/MS analysis. In the first 30 min, the metabolism of the three flavo
nols were examined in macrophages. LPS was then added into cells after 
4 h. The result showed that Fis, Que, and Myr quickly entered the cells at 
only 5 min and degraded at different times. As shown in Fig. 6A, the 
methylation reaction was speculated in Fis in the molecular weight 
(Mw) of 301.07 at 5 min. The intensity of methylated Fis was increased 
continuously and accumulated to the maximum value at 16 h. Glucur
onidation of Fis (Mw: 463.09) was detected later. Finally, Fis was both 
methylated and glucuronidated according to the Mw of 477.10. Que was 
metabolized rapidly from 5 min to 30 min and mainly transformed into 
methylated Que (Mw: 317.06) (Fig. 6B). Myr was metabolized quickly as 
well and then transformed to methylated Myr (Mw: 333.06). However, 
methylated Myr product was almost undetectable at 30 min (Fig. 6C). 

4. Discussion 

RAW 264.7 macrophages are transformed from the Abelson leuke
mia virus, which is an ideal model for studying inflammatory effect. And 
LPS can fully activate macrophages to trigger inflammation, which is 
mediated by NO release (Hwang et al., 2019; Malayil et al., 2022). NO is 
a kind of free radicals to regulate human body functions, but excessive 
NO synthesized by iNOS will lead to autoimmune disorders, cytotox
icity, and inflammation (Zhang et al., 2019). In the present study, the 
Griess assay and Western blot analysis implied that the NO over
production was related to iNOS overexpression when LPS triggered. 
Flavonols suppressed the production of NO, which were highly consis
tent with the down-regulation of iNOS protein. In addition, Fis treat
ment presented the greatest inhibition effect (Fig. 2A, 2D-E). Excessive 
NO release could stimulate proinflammatory cytokines and these cyto
kines mediators could promote the NO production, which formed a 
positive feedback loop leading to increased inflammation (Zhang et al., 
2020). All selected flavonols markedly inhibited the proinflammatory 
cytokines of IL-6 and TNF-α (Fig. 2B and C). 

Oxidative stress played a critical role in inflammatory diseases, of 
which ROS level was an important mediator. Excessive ROS production 
disrupts the balance of oxidant/antioxidant in the human bodies, lead
ing to damages of lipids, protein, and DNA (Wang et al., 2021b). 
DCFH-DA cell-permeable fluorescent probe is commonly used to deter
mine intracellular ROS levels in cells or tissues by flow cytometry or 

confocal microscopy (Shen et al., 2018). The flow cytometry and fluo
rescence images showed that flavonols especially Fis dramatically 
decreased the ROS generations in LPS-induced macrophages, indicating 
flavonols could showed anti-inflammation on RAW264.7 cells by 
reducing oxidative stress (Fig. 3). The structure-activity relationship 
(SAR) could reveal the antioxidant characteristics of these structurally 
related flavonols (Zhong et al., 2022). The anti-oxidant potencies of 
dietary flavonoids are reported to be closely associated with the site and 
number of hydroxylations on the A and B rings. However, pyrogallol 
structure could form superoxide anions in the presence of stable free 
radicals, which could be good pro-oxidants (Acker et al., 1996). Thus, 
flavonoids containing a pyrogallol group (such as Myr) might have 
weaker antioxidant activity because of the counteraction effect. In 
addition, hydroxy group position would have influence on the stability 
of flavonols-protein complex, contributing to varying degrees of action 
on the downstream signaling pathways (Wang et al., 2021a). Taking 
together, these flavonoids, particularly Fis, can be good antioxidants to 
scavenge free radicals and ameliorate inflammation (Chen et al., 2019). 

MAPKs and NF-κB signaling pathways are activated through LPS 
stimulation to regulate the expression of pro-inflammatory cytokines. 
MAPKs belong to serine-threonine protein kinases (Chen et al., 2017). 
The phosphorylation of MAPKs activates the transcription factor acti
vator protein 1 (AP1), which then translocates to nucleus, causing the 
expression of pro-inflammatory genes such as TNF-α (Wu and Schauss, 
2012). The main components of MAPK signaling pathways, i.e. JNK, 
ERK, p38, and MEK and their phosphorylation forms were examined. 
Flavonols significantly inhibited JNK, ERK, p38, and MEK phosphory
lation in LPS-induced RAW264.7 cells (Fig. 4), which implied that the 
inhibition effect of MAPK may be involved in suppressing 
anti-inflammatory effect by flavonols. The transcription factor NF-κB 
has been proved to be an up-stream signal in inflammatory cascade re
action which can increase the chemokines and pro-inflammatory cyto
kines expression including IL-6, TNF-α, iNOS, etc. (Liu and Malik, 2006; 
Park et al., 2007). NF-κB exists in an inactive form in resting cells which 
is bound with IκB-α protein in the cytoplasm. However, the IκB-α would 
be activated and degrades upon LPS stimulation, then NF-κB would 
translocate into the nucleus and promote the expression of variable 
pro-inflammatory genes (Gilroy et al., 2004; Pham et al., 2017). 
Therefore, the effects of flavonols on NF-κB were examined. The results 
presented that flavonols remarkably attenuated the phosphorylation of 
IκB-α and p65 and inhibited the accumulation of NF-κB p65 in nucleus 
(Fig. 5). It has been demonstrated that MAPKs modulated NF-κB 
pathway. Inhibiting MAPK pathway could suppress the NF-κB activation 
(Surh et al., 2001; Zhong et al., 2012). We assume that the suppression of 
inflammatory cytokines and mediators of the three flavonols were 
probably via inhibiting MAPK and NF-κB signaling pathways. And the 
suppression of NF-κB might be, at least partially, attributed to the in
hibition of MAPK. In addition to inhibiting the activation of MAPK and 
NF-κB signaling pathways, some signal cascades also involved in fla
vonoids anti-inflammation effects such as JAK/STAT signaling pathway 
and the inflammasome formation. Flavonoids could regulate the activ
ities of other signaling molecules, such as tyrosine kinase, phosphoino
sitol kinase, and protein kinase C (Maleki et al., 2019). In addition, other 
binding targets of flavonoids were found in anti-inflammatory re
sponses, including G-protein coupled receptors, estrogen receptors, and 
aryl hydrocarbon receptors (Safe et al., 2021). Based on our results, we 
hypothesized that the regulation of signaling pathways by the flavonols, 
could be attributed to the antioxidant property and direct interaction 
with related proteins in the pathways. 

To further explore the anti-inflammation mechanisms of flavonols, 
the metabolism of the three flavonols in RAW264.7 cells was explored. 
Several metabolic products of Fis were formed by methylation and 
glucuronidation. Both Que and Myr were transformed into methylated 
products. The glucuronidation of Que and Myr was undetectable 
(Fig. 6). Methylation and glucuronidation were discovered for other 
flavonoids, such as catechin, luteolin, and catechin (Hai et al., 2020; 
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Fig. 5. Effects of flavonols on the activation of NF-κB signaling pathways in LPS-induced RAW264.7 cells. Cells were pretreated with flavonols for 4 h and induced 
with LPS (1 μg/ml) for 30 min. The protein expression levels of p-IκBα, IκBα, p-p65, and p65 were measured by western blotting from total cell lysates in Fis (A), Que 
(B), and Myr (C). The level of nuclear p65 in cells treated with Fis (D), Que (E), and Myr (F) was tested by western blotting. Lamin B was used as internal loading 
controls. Immunofluorescence staining of nuclear p65 was observed by confocal microscopy (G). Red fluorescence represented p65 protein and blue fluorescence 
(DAPI) indicated nuclei. Values were mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 versus LPS, #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001 
versus Control. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Manach et al., 2004). Some studies have claimed that the metabolites 
and conjugates are bioactive forms of flavonols arising from their 
aglycone forms on absorption. One research has presented that the hy
droxyl groups at 3′site of Que was methylated to isorhamnetin. Iso
rhamnetin could absorbed more adequately and eliminated more slowly 
than parent Que form, which showed stronger antifibrotic effect on 
hepatic stellate cells than Que (Ganbolda et al., 2019). Also, methylated 
Myr could increase the activity of enhancing the life span from Caeno
rhabditis elegans (C. elegans). Methylated Myr enhanced stress resistance 
of C. elegans, which showed dependent on DAF-16 transcription factor 
(Büchter et al., 2015). The metabolism of Fis in vivo played a vital role in 
anticancer activities. Methylated Fis presented more cytotoxic than the 
parent Fis in tumor cells and glucuronidated Fis had longer terminal 
half-lives than Fis (Touil et al., 2011). These findings indicated that the 
anti-inflammatory effect of flavonols might be improved through adding 
glucuronide group and methyl group on functionally position sites. 
Thus, the methylated and glucuronidated derivatives of three flavonols 
are needed to be synthesized to test whether the derivatives can improve 
the biological effect and how they work against inflammation in further 
study. 

5. Conclusion 

This research proved that the flavonols Fis, Que and Myr exerted 
anti-inflammatory effects in LPS-induced RAW 264.7 cells. Fis, Que, and 
Myr can inhibit NO and ROS production in LPS-stimulated RAW264.7 
cells. These flavonols reduced the expression levels of ROS, TNF-α and 
IL-6 and suppressed the activation of NF-κB and MAPK pathways by 
reducing the levels of phosphorylation of IκBα, p65, JNK, ERK, MEK, and 
the nuclear translocation of NF-κB p65 (Fig. 7). The three flavonols, 
particularly Fis, has the potential for the prevention or treatment of 
inflammation as an adjuvant medicine or food additive. 
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