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Leaf mustard is rich in bioactive components such as polyphenols and glucosinolates, which reportedly have antioxidant and anti-
infammatory activities. Here, in this study, we investigated the potential antioxidant and anti-infammatory efects of fresh leaf
mustard extract (FrLME) and fermented leaf mustard extract (FeLME) using a lipopolysaccharide (LPS)-induced in vitro an-
tioxidant model and LPS-induced RAW264.7 infammation model. Te results showed that both FrLME and FeLME exhibit
antioxidant activity in ABTS, DPPH, and FRAP assays in linear. In the LPS-induced infammatory cells, analyses of SOD and
GSH-PX activities indicated that the FrLME group exhibited signifcantly higher activity compared to the FeLME group
(p< 0.05). A comparative assessment of the extracts indicated that the levels of nitrites (NO) and infammatory cytokines (TNF-α,
IL-1β, and IL-6) were considerably lower in cells treated with FrLME than in those treated with FeLME (p< 0.05). Moreover,
treatment with FrLME and FeLME efectively mitigated cellular infammation, as evidenced by the signifcantly reduced mRNA
and protein expression of the TLR4-NF-κB p65-COX-2/iNOS pathway markers during LPS-induced infammation. Notably,
extracts from fresh leaves demonstrated more pronounced inhibitory efects compared to those from fermented leaf mustard.Te
outcomes of this study establish a foundation for exploring the antioxidant and anti-infammatory mechanisms of leaf mustard in
more intricate models of infammatory diseases.

1. Introduction

In recent years, several studies have investigated the phy-
tochemical components of leaf mustard (Brassica juncea)
and their potential functional efects against some in-
fammatory diseases [1]. Huarong leaf mustard is a new
excellent variety bred by researchers in Hunan Province, that
is annually grown on over 30,000 ha in Hunan Province,
China. However, no reports have yet explored its functional
efects or provided in vitro evidence of its anti-infammatory
or antioxidant activity.

Infammation has been well-established to have a close
relationship with oxidative stress since high levels of reactive
oxygen species (ROS) are produced during an infammatory
response, inducing oxidative stress, which in turn serves as
a feedback to promote infammation [2]. A study by Oh et al.
[3] demonstrated that a 50% acetonitrile extract of Korean
Dolsan leaf mustard exhibited antioxidant activity in 2,2-
azino-bis(3-ethyl-benzothizoline-6-sulfonic acid) (ABTS),
1,1-diphenyl-2-picrylhydrazyl (DPPH), and ferric-reducing
antioxidant power (FRAP) assays. Tis antioxidant activity
had a linear correlation with the polyphenol and favonoid
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contents of the extract, leading them to conclude that these
efects may be mediated by polyphenols and favonoids [3].
Similarly, Huang et al. [4] studied the antioxidative potential
of ethanol extracts of leaf mustard (Brassica juncea Coss. var.
foliosa Bailey) and found that they showed strong antioxidant
activity in increasing the shelf-life of raw meat by decreasing
the levels of thiobarbituric acid and free fatty acids [4].
Another study by Young Kim et al. [5] also demonstrated that
the leaf mustard (Brassica juncea) extract could reduce lipid
peroxidation and oxygen-free radical levels and improve the
damage due to oxidative stress in rats with streptozotocin-
induced diabetes [5]. In addition, other studies have reported
that leaf mustard extract provided a signifcant protective
efect against infammatory response in cells exposed to li-
popolysaccharide (LPS), suggesting that LME provides anti-
infammatory properties [6].

Based on initial data showing that extracts of both fresh
and fermented leaf mustard (FrLME and FeLME, re-
spectively) are rich in polyphenols, favonoids, glucosino-
lates, and other components (unpublished), extracts of
Huarong large-leaf mustard may have antioxidant or anti-
infammatory properties. Terefore, to investigate the po-
tential antioxidant and anti-infammatory efects of FrLME
and FeLME, in vitro, in this work, we used a lipopolysac-
charide (LPS)-induced RAW264.7 murine macrophage
model for infammation and oxidative stress, in addition to
other conventional assays for free radical scavenging and
antioxidant activity. In particular, we examined the specifc
efects of FrLME and FeLME against several ABTS, DPPH,
and FRAP; studied the activity of antioxidant enzymes SOD,
GSH-PX, and MDA content; tested LME toxicity towards
cells; measured the contents of several infammatory cyto-
kines under exposure to LMEs during LPS induction of
infammatory response; and ultimately detected changes in
the expression of TLR4 and downstream targets during
infammation. Tis work provides experimental, in vitro
evidence of antioxidant and anti-infammatory signaling
activities that can serve as a basis for studies in more so-
phisticated models of infammatory disease that urgently
need new therapeutic avenues, such as infammatory bowel
disease.

2. Materials and Methods

2.1.Materials andChemicals. Fresh and fermented Huarong
large-leaf mustards were purchased from Huarong County,
Hunan Province, China. Both fresh and fermented leaf
mustards were freeze-dried and ground into powder and
then they were stored at −80°C for later use.

RAW264.7 cell was obtained from American Type
Culture Collection (ATCC, Rockville, MD, USA). ABTS,
DPPH, tri-pyridyl-triazine (TPTZ), iron (III) chloride
hexahydrate, streptomycin, penicillin, methyl thiazolyl tet-
razolium (MTT), lipopolysaccharide (LPS), trypsin, ascorbic
acid, and antiβ-actin antibodies were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modifed
Eagle medium (DMEM) was obtained from Gibco (Grand
Island, NY, USA). Fetal bovine serum (FBS) was purchased
from HyClone (Mediatech, Herndon, VA). Dimethyl

sulfoxide (DMSO), isopropanol, ethanol, and chloroform of
molecular biological grade were obtained from Fisher Sci-
entifc (Pittsburg, PA, USA). RNase inhibitor, High-
Capacity cDNA Reverse Transcription Kit, and Green
master mix SYBR were supplied by Fisher Scientifc
(Pittsburg, PA, USA). TRIzol RNA extractors and primers
were purchased from Integrated DNA Technologies (Skokie,
IL, USA). Antibody iNOS and cyclooxygenase-2 (COX-2)
were obtained from Cell Signaling Technology (Danvers,
MA, USA). Antibody toll-like receptor 4 (TLR4) and nuclear
factor kappa-B (NF-κB p65) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).

2.2. Preparation of the Extract. Extractions were conducted
in accordance with a previous study with some modifca-
tions [7]. Fresh and fermented leaf mustard powder were
separately blended with 70% ethanol solution (v/v) in a ratio
of 1 : 25 (w/w), extracted in a constant temperature water
bath at 70°C for 30min, and then centrifuged at 4000 × g for
10min (Termo Scientifc, Waltham, MA, USA). Te su-
pernatant was concentrated to a certain volume with a rotary
evaporator and then the fresh leaf mustard extract was
vacuum freeze-dried to obtain FrLME.

In addition, the fermented leaf mustard extract solution
was desalted as follows: the extract solution was put into
a dialysis bag, sealed, and put into distilled water for dialysis.
Te dialysate was regularly replaced until sodium chloride
could not be detected and then the dialysate was concen-
trated and freeze-dried to obtain FeLME.

2.2.1. ABTS-Free Radical Scavenging Method. ABTS radical
scavenging activity was measured according to a previous
study with minor modifcation [3]. In brief, 5mL of ABTS
solution (7.4mmol/L) and 88 μL of potassium perox-
odisulfate (2.6mmol/L) were mixed and reacted for 12 hours
to obtain ABTS radical solution. ABTS radical solution
(5mL) was added to 0.1mL samples of diferent concen-
trations (50, 100, 150, 200, 300, 400, 500, and 600 μg/μL leaf
mustard extract) and reacted in the dark for 6min. Te
absorbance was measured at 734 nm (indicated by A1) and
repeated three times. Te sample blank was used as a control
(indicated by A0). ABTS radical scavenging activity
(%)� (1−A1/A0)× 100. Ascorbic acid was used as a positive
control.

2.3. DPPH Radical Scavenging Method. DPPH radical
scavenging ability was measured according to a previous
study with minor modifcation [3]. In brief, 0.1mmol/L of
DPPH solution was prepared with absolute ethanol, 2mL of
DPPH solution was mixed with 2mL of diferent sample
concentrations (50, 100, 150, 200, 300, 400, 500, 600 μg/μL
leaf mustard extract), and they reacted in the dark at room
temperature for 30minutes. Te absorbance was measured
at 520 nm (indicated by A1), repeated three times, and the
sample blank was used as a control (indicated by A0). DPPH
radical scavenging ability (%)� (1−A1/A0)× 100. Ascorbic
acid was used as a positive control.
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2.3.1. FRAP Ferric Ion-Reducing Antioxidant Power
Measurement. Ferric ion-reducing antioxidant power
(FRAP) was measured according to a previous study with
a minor modifcation [3]. In brief, acetate bufer (30mM,
pH 3.6), TPTZ (10mM), and iron (III) chloride hexahydrate
(20mM) were mixed evenly in a 10 :1:1 ratio to obtain
a reaction mixture. A total of 2.4mL reaction mixture was
added to 0.1mL samples of diferent concentrations (0, 50,
100, 150, 200, 300, 400, 500, and 600 μg/μL leaf mustard
extract). Te absorbance was measured at 593 nm and re-
peated three times. FRAP activity (mg FeSO4 equivalents/g)
was calculated according to the iron (II) sulfate heptahydrate
standard curve. Ascorbic acid was used as a positive control.

2.3.2. Cell Culture and Treatments. RAW264.7 cells were
cultured in the DMEM cell culture medium (1% penicillin-
streptomycin double antibody solution and 10% FBS) and
incubated in a humidifed incubator at 37°C and 5% CO2,
until the cells grew to 80% of the culture dish. Te cells were
then gently scraped and used to seed the cells in a 96-well
plate (200 μL/well, 50 /w104 cells/mL); these cells were
treated with DMEM (LPS solution (1mg/ml)) for 24 h to
prepare an infammatory cell model. After 24 hours, the
supernatant medium was discarded. DMSO was used as the
vehicle to deliver FrLME and FeLME, and the fnal con-
centrations were 0, 50, 100, 150, 200, 300, 400, 500, or
600 μg/μL of leaf mustard extract culture in cell culture
media, and the control group was RAW264.7 cells without
the LPS medium.

2.4. Determination of SOD,MDA, andGSH-PX inCell Lysate.
Preparation of cell lysate: trypsin was added for digestion
and the cells were suspended in PBS and centrifuged (4°C,
13,200 × g, 10min) to obtain a precipitate. Ten, 1mL 1%
Triton X-100 was added, centrifuged (4°C, 7,500 × g, 10min)
again, and the supernatant was collected. Superoxide dis-
mutase (SOD) was detected by spectrophotometry, and the
absorbance was determined at a wavelength of 550 nm. Te
detection steps were strictly in accordance with the in-
structions of the SOD kit (Nanjing Jiancheng Institute of
Biological Engineering, Nanjing, China). Te thiobarbituric
acid (TBA) method was used to determine the malondial-
dehyde (MDA) content of the cell lysate. Absorbance was
measured at 532 nm, and the MDA content was calculated
according to the standard curve, and the detection steps
strictly followed the MDA kit instructions (Nanjing Jian-
cheng Institute of Biological Engineering, Nanjing, China).
Glutathione peroxidase (GSH-PX) was detected by spec-
trophotometry, and the absorbance was measured at
a wavelength of 412 nm. Te detection steps were strictly in
accordance with the instructions of the GSH-PX kit
(Nanjing Jiancheng Institute of Biological Engineering,
Nanjing, China).

2.5. MTT Method to Measure Cell Viability. Te RAW264.7
cells were activated and passaged until stabilization. After
passaging, they were cultured in a CO2 incubator at 37°C

with 5% humidity. After 24 hours, the cells were seeded onto
96-well plates at a density of 1.25×10̂4 cells/mL. Te me-
dium was discarded after an additional 24-hour incubation.
Te freeze-dried powders of FrLME and FeLME were dis-
solved in DMSO to prepare solutions of the desired con-
centrations. 3 μL of the DMSO sample solution was then
added to 3mL of the culture medium to obtain fnal con-
centrations ranging from 0 to 600 μg/μL of the mustard
ethanol extract. Using a pipette, these varying concentra-
tions of mustard ethanol extract solutions were transferred
into the 96-well plates (200 μL/well) from which the su-
pernatant had been discarded. After incubation periods of
24 h, 48 h, and 72 h, the inhibitory efects of the mustard
ethanol extract on cell proliferation were determined using
the MTT assay. Te culture medium containing diferent
concentrations of the ethanol extract was discarded, and
100 μL of MTTsolution (0.5mg/mL) was added to each well.
After a 2-hour incubation, the MTT solution was gently
poured out and replaced with 100 μL of DMSO to dissolve
the purple formazan crystals in the wells. Te plates were
gently tapped on the sides to ensure mixing of the crystals,
and the absorbance was measured at 570 nm using an
enzyme-linked immunosorbent assay (ELISA) reader. Te
cell inhibition rate was then calculated.

2.6. NOMeasurement. A pipette was used to remove 150 μL
of cell supernatant from each well of the plate, and 100 μL of
Griess A and B equal volume mixed solution was added to
each well. Te absorbance was measured with a microplate
reader at 570 nm, and the NO concentration was calculated
according to the sodium nitrite (NaNO2) standard curve.

2.7. Determination of Cytokines TNF-α, IL-1β, and IL-6 in the
Cell Culture Medium. Te detection was performed
according to the instructions of the tumor necrosis factor
(TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6)
kits (Cloud clone, Houston, CCC, USA).

2.8. Western Blot (WB). WB was conducted as previously
reported [8, 9]. Te protein content was detected using the
Coomassie brilliant blue method; the protein was denatured by
heating at 95°C for 10minutes and then stored in the re-
frigerator at −80°C for later use. Te RAW264.7 cells were
seeded in a 25 cm culture dish (cell density of 3.5×10̂4 cells/mL,
12mL). After 24hours of incubation, the supernatant culture
medium was discarded. Each dish was then treated with 12mL
of the mustard ethanol extract culture medium and incubated
for 48hours. Cellular proteins were extracted using lysis bufer
(2× radio-immunoprecipitation assay bufer, RIPA bufer :
100× protease inhibitor :100× phosphatase inhibitor I :100×

phosphatase inhibitor I in a ratio of 50 :1 :1 :1 v/v). Te protein
content was measured by Coomassie brilliant blue staining.Te
sample was then mixed with an appropriate volume of
5× protein loading bufer, denatured at 95°C for 10minutes,
and stored at−80°C for future use. A 12% acrylamide separating
gel (50mL) was prepared using the following components:
16.5mL of distilled water, 20mL of 30% acrylamide solution
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(m/v), 12.5mL of Tris solution (1.5mol/L, pH 8.8), 0.5mL of
10% SDS (m/v), 0.5mL of 10% ammonium persulfate (m/v),
and 0.02mL of TEMED. Approximately 6mL of this mixture
was pipetted into a gel casting mold and allowed to polymerize
for 30minutes. A 5% acrylamide stacking gel (50mL) was
prepared using 34mL of distilled water, 8.5mL of 30% acryl-
amide solution (m/v), 6.25mL of Tris solution (1.0mol/L,
pH 6.8), 0.5mL of 10% SDS (m/v), 0.5mL of 10% ammonium
persulfate (m/v), and 0.02mL of TEMED. About 2mL of this
mixture was pipetted into a gel casting mold and polymerized
for 60minutes. Both stacking and separating gels weremounted
onto the electrophoresis apparatus. Samples (5μL each) and
proteinmarkers (5μL)were loaded onto the gel. Electrophoresis
was performed at 100V for 15minutes. Once the samples were
about to migrate from the stacking gel to the separating gel, the
voltage was increased to 160V and continued for another
45minutes or until the target proteins were completely sepa-
rated.Te gel was then subjected to protein transfer at 100V for
1hour and 45minutes. Te membrane was blocked, incubated
with primary and secondary antibodies, and fnally imaged
using an infrared imaging system.

2.9.QuantitativeReal-TimePolymeraseChainReaction (qRT-
PCR) Analysis. qRT-PCR was conducted as previously re-
ported [10]. Te primer pairs were synthesized by Integrated
DNA Technologies (Skokie, IL, USA). Total RNA extraction:
RAW264.7 cells were seeded in a 25 cm culture dish (cell
concentration of 3×10̂5 cells/mL, 12mL) and cultured for 24h.
Te supernatant was then discarded, and 12mL of the mustard
ethanol extract was added to each dish and incubated for
another 48h. After discarding the supernatant again, 0.5mL of
the TRIzol reagent was added and mixed. Te cells were left to
stand for 5min to ensure complete dissolution. Subsequently,
0.1mL of chloroform was added, shaken well, and lightly
vortexed before allowing to stand for 3min. Centrifugation was
carried out (12,000 r/min, 4°C, 15min), and the supernatant
was collected and mixed with 0.25mL of isopropanol. After
shaking and standing for 10min, another centrifugation step
was performed (12,000 × g, 4°C, 10min). Te supernatant was
discarded, leaving the pellet, to which 0.5mL of 75% ethanol
was added and mixed. Following another centrifugation
(7,500 × g, 4°C, 5min), the supernatant was removed, and the
pellet was vacuum-dried for 5min. Te RNA was then dis-
solved in 30μL of RNase-free water. Te RNA concentration
wasmeasured at 280nmUV, and aliquots were stored at −80°C
for future use. Reaction conditions: the cDNA synthesis was
performed as per the protocol provided by the Applied Bio-
systems reverse transcription kit. Te cDNA reaction pa-
rameters were set at 25°C for 10min, followed by 37°C for
120min, and fnally, 85°C for 5min. Te qRT-PCR cycling
parameters were 95°C for 10min of initial denaturation, fol-
lowed by 95°C for 120 s, 95°C for 15 s, 50°C for 120 s, and 60°C
for 60 s for a total of 40 cycles. GADPH was used as an en-
dogenous control, and the samples were normalized based on
GADPH content. Te relative quantifcation of the target gene
mRNA expression levels was calculated using the 2−ΔΔCt

method, and each sample was tested in three independent
replicates.

2.10. Statistical Analysis. Image J software was used to
process the optical density of the WB target protein band for
quantifcation. Statistical evaluations were performed using
SPSS 25.0 (Chicago, IL, USA) and GraphPad Prism 8
software (La Jolla, CA, USA). Data are displayed as the
mean± standard deviation (SD). Group diferences were
assessed via one-way ANOVA, succeeded by Tukey’s post
hoc analysis. For comparing the two groups, a two-tailed
Student’s t-test was applied. p< 0.05 indicated that the
diference was statistically signifcant.

3. Results

3.1. Both Fresh and Fermented Leaf Mustard Extracts Exhibit
Antioxidant Activity. Excessive free radicals produced by
metabolic processes under stress conditions can damage
lipids and proteins that comprise cellular structures, as well
as DNA, through peroxidation, causing oxidative damage
[11, 12]. In order to determine the ability of leaf mustard
extracts to eliminate excessive free radicals and thus pre-
vent oxidative damage, we used DPPH and ABTS to
measure the free radical scavenging and FRAP to evaluate
the antioxidant activity by fresh and fermented leaf mus-
tard extracts. We found that ABTS radical scavenging
activity gradually increased as the concentration of the leaf
mustard extract increased (Figure 1(a)). At a concentration
of 300 μg/μL, the ABTS radical scavenging activities for
FrLME were 73% and 62% for FeLME. Similarly, DPPH
radical scavenging ability gradually increased along with
the concentration of either LME (Figure 1(b)), exhibiting
maximum scavenging at 400 μg/μL. At this concentration,
FrLME scavenged 36% of the DPPH radicals, while FeLME
neutralized 31%. Analysis of FRAP by leaf mustard extracts
also showed that antioxidant activity increased along with
concentration for both extracts, up to 400 μg/μL
(Figure 1(c)). At this concentration, FrLME and FeLME
exhibited FRAP activities of 136 and 115mg FeSO4
equivalents/g, respectively. As with free-radical scavenging,
their activity did not signifcantly change with the addition
of higher extract concentrations. Taken together, these
results indicate that both FrLME and FeLME showed
antioxidant activity in a concentration-dependent manner
up to 400 μg/μL (p< 0.05). Te efect of FrLME and FeLME
(200−600 μg/μL) in scavenging free radicals was equivalent
to that of ascorbic acid (1 μg/μL). Tese abovementioned
results demonstrated that both FrLME and FeLME could
efectively scavenge free radicals.

3.2. Leaf Mustard Extracts Rescue SOD and GSH-PX Activity
and MDA Content during Infammation in RAW264.7 Cells.
SOD and GSH-PX actively scavenge free radicals during
infammation, and MDA levels can serve as a marker for
antioxidant capacity, refecting the potential rate and in-
tensity of lipid peroxidation in the body (or as an indirect
measure of damage by tissue peroxidation) [13, 14]; we,
therefore, analyzed the efects of FrLME and FeLME on
these enzymes by spectrophotometry in RAW264.7 cell
lysates. We found that compared with the no LPS controls,
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exposure to LPS signifcantly reduced SOD and GSH activity
(p< 0.05), whereas treatment with leaf mustard extracts in
these LPS-stimulated infammatory response cells resulted
in signifcantly higher SOD (Figure 2(a)) and GSH-PX
(Figure 2(b)) activity at both 150 and 300 μg/μL extract
concentrations. By contrast, LPS stimulation signifcantly
increased the content of MDA in RAW264.7 cell lysate
(p< 0.05), whereas the MDA content was signifcantly lower
under exposure to 150 μg/μL and 300 μg/μL of either LMEs
in LPS-induced treated infammatory cells (Figure 2(c)).

Comparison of diferences in the efects FrLME and
FeLME on SOD and GSH-PX activities showed that the
FrLME group exhibited signifcantly higher activity than
that of the FeLME group, although MDA levels were not
signifcantly diferent between the extract treatments
(p< 0.05). Overall, these results suggested that both extracts
could efectively inhibit the infammation-associated de-
crease in SOD and GSH-PX antioxidant activity and in-
creased MDA content in a dose-dependent manner in LPS-
induced RAW264.7 infammatory cells.

3.3. Treatment with Leaf Mustard Extracts Results in Lower
NO Accumulation in LPS-Induced Infammatory Cells.
Given the observed antioxidant and anti-infammatory
properties, we further explored the potential impacts of
FrLME and FeLME on cell viability. We selected specifc
concentrations based on prior research and aimed to discern
their efcacy using MTT assays. Te results showed that
compared with untreated control cells, exposure to either
extract at concentrations up to 600 μg/μL resulted in no
signifcant decrease in cell viability after 24 h incubation
(Figure 3(a)). Moreover, no signifcant diferences were
observed in cell viability between the FrLME and FeLME
groups. Tese results showed that neither leaf mustard
extract produced toxic efects on RAW264.7 cells.

Since the NO content is a reliable indicator of in-
fammation, we then examined whether exposure to either
LME resulted in changes to the NO content in RAW264.7
cells under infammatory conditions. Te results showed that
compared with the uninduced control group, the NO content
was signifcantly elevated in LPS-stimulated cells (p< 0.001)
(Figure 3(b)). By contrast with LPS-induced cells, increasing
concentrations of FrLME and FeLME from 50 to 400 μg/μL
led to signifcantly reduced NO content, in a concentration-
dependent manner (p< 0.01). Concentrations higher than
400 μg/μL did not result in a further reduction in the NO
content. In addition, comparison between FrLME and FeLME
treatments showed that the NO content was signifcantly
lower in cells exposed to FrLME (p< 0.05). Tese results
indicated that exposure to both FeLME and FrLME led to the
efective inhibition of NO accumulation associated with LPS-
induced infammation in RAW264.7 cells.

3.4. Treatment with Leaf Mustard Extracts Results in Lower
Infammatory Factor Secretion byLPS-InducedRAW264.7Cells.
TNF-α, IL-1β, and IL-6 are recognized as pivotal proin-
fammatory factors. To understand the infammation-
associated pathways infuenced by FrLME and FeLME, we
used ELISA-based assays to evaluate the levels of these
infammatory markers. Te results showed that compared
with uninduced controls, LPS stimulation signifcantly in-
creased the levels of the cytokines TNF-α, IL-1β, and IL-6
secreted by RAW264.7 cells (p< 0.05). In contrast, TNF-α
(Figure 4(a)), IL-1β (Figure 4(b)), and IL-6 (Figure 4(c))
levels were signifcantly reduced (p< 0.05) in an apparently
concentration-dependent manner, following treatment with
150 and 300 μg/μL concentrations of either extract in LPS-
induced infammatory cells. Comparison between extracts
showed that all three cytokine markers were signifcantly
lower in cells treated with FrLME than in those treated with
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Figure 1: Antioxidant efects of FrLME and FeLME on (a) ABTS, (b) DPPH, and (c) FRAP. Ascorbic acids were used as positive controls in
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Journal of Food Biochemistry 5



##
* *

*
**

0
100
200
300
400
500
600
700

SO
D

 (U
/m

L)

C
on

tro
l

Fr
es

h 
(1

50
)

Fe
rm

en
te

d 
(1

50
)

Fr
es

h 
(3

00
)

Fe
rm

en
te

d 
(3

00
)

M
od

el

(a)

##
*

**
*

G
SH

-P
X 

(U
/m

L)

0
50

100
150
200
250
300
350
400

C
on

tro
l

Fr
es

h 
(1

50
)

Fe
rm

en
te

d 
(1

50
)

Fr
es

h 
(3

00
)

Fe
rm

en
te

d 
(3

00
)

M
od

el

(b)

##
* *

** **

0
1
2
3
4
5
6
7
8

M
D

A
 (n

m
ol

/m
L)

C
on

tro
l

Fr
es

h 
(1

50
)

Fe
rm

en
te

d 
(1

50
)

Fr
es

h 
(3

00
)

Fe
rm

en
te

d 
(3

00
)

M
od

el

(c)

Figure 2: Efects of the mustard extract on (a) SOD, (b) GSH-PX, and (c) MDA in LPS-treated RAW264.7 cells. Fresh (100) represents
FrLME 100 μg/μL, fresh (150) represents FrLME 150 μg/μL, fermented (100) represents FeLME 100 μg/μL, and fermented (150) represents
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FeLME (p< 0.05). Tis decrease in infammatory factors in
LPS-induced RAW264.7 cells suggested that exposure to
fresh and fermented LMEs could produce signifcant in-
hibitory efects on the infammatory pathway.

3.5. Efect of the Leaf Mustard Extract on RAW264.7 Cell
Infammation Signal Pathway-Related Genes and Proteins.
Te TLR4/NF-κB signaling pathway is the “star pathway,”
involved in intestinal immune infammatory response [15].
In order to explore the potential mechanisms by which leaf
mustard extracts afect the infammatory response, we used
qRT-PCR and Western blots to, respectively, examine the
transcription and protein expression of TLR4 and its
downstream targets NF-κB p65, COX-2, and iNOS in
RAW264.7 cells. Tese assays revealed that in comparison
with the uninduced control group, the mRNA levels of TLR4
(Figure 5(a)), NF-κB p65 (Figure 5(b)), COX-2 (Figure 5(c)),
and iNOS (Figure 5(d)) increased signifcantly (p< 0.05) by
2-fold, 0.82-fold, 0.7-fold, and 5.5-fold, respectively, under
exposure to LPS. Consistent with our previous observations of
leaf mustard extracts, TLR4, NF-κB p65, COX-2, and iNOS
transcription levels were partially restored to that of uninduced
cells by FrLME and FeLME treatments at 150 and 300μg/μL.

Comparedwith the LPS-induced cells, mRNA expression of
TLR4, NF-κB p65, COX-2, and iNOS was, respectively,
downregulated by 56.6%, 34.1%, 23.5%, and 36.9% under
treatment with 150μg/μL FrLME and 63.3%, 56%, 32.4%, and
56.5%, respectively, by 300μg/μL FrLME. Similarly, treatment
with 150μg/μL FeLME led to 30%, 19.2%, 14.7%, and 23.1%
reductions in TLR4, NF-κB p65, COX-2, and iNOS mRNA
expression, respectively, while greater reductions of 40%, 25.8%,
23.5%, and 38.5% were, respectively, observed at 300μg/μL
FeLME. As in other experiments, exposure to FrLME produced
stronger efects than FeLME in induced RAW264.7 cells.

Consistent with our observations of mRNA expression,
exposure to LPS signifcantly increased protein levels of TLR4,
NF-κB p65, COX-2, and iNOS (p< 0.05) by 0.1-fold, 1.6-fold,
5.4-fold, and 1.7-fold, respectively. Treatment with FrLME or
FeLME partially rescued TLR4, NF-κB p65, COX-2, and iNOS
protein levels to that of uninduced controls (Figure 5(e)).
Compared with the LPS-induced cells, Western blot analysis
showed that TLR4, NF-κB p65, COX-2, and iNOS protein
levels were decreased by 27.3%, 53.8%, 32.8%, and 14.8%
under 150μg/μL FrLME and 36.4%, 88.5%, 65.6%, and 25.9%,
respectively, under 300 μg/μL FrLME. At 150μg/μL FeLME,
TLR4, NF-κB p65, COX-2, and iNOS proteins were reduced
by 9.1%, 46.2%, 18.75%, and 7.4% compared to LPS-only
treated cells and reduced to a greater extent by 18.2%,
61.5%, 48.4%, and 22.2%, respectively, under 300 μg/μL
FeLME treatment. In summary, exposure to either FrLME or
FeLME led to signifcant attenuation in the expression of
TLR4 pathway-associated proteins.

4. Discussion

In this work, we examined the antioxidant and anti-
infammatory efects of fresh and fermented leaf mustard
extracts, which are commonly eaten for these purposes based

on traditional medicines, but which have not been widely
investigated for their efects in controlled in vitro experi-
ments. Leaf mustard was previously reported to contain high
levels of vitamin A, vitamin C, β-carotene, favonoids, and
glucosinolates, etc., and provide antioxidant efects through
consumption [1, 16, 17]. Our previous fndings have shown
that that FrLME and FeLME are both rich in bioactive
components, especially polyphenols, glucosinolates, and
their derivatives, and that, notably, FrLME has almost
double the glucosinolate content of FeLME [18]. In light of
other published fndings that showed that several glucosi-
nolates can exhibit anticancer, antioxidant, anti-
infammatory, and antibacterial efects [1, 19, 20], it is
possible that these sulfur-containing glucosinolate metab-
olites may contribute to the anti-infammatory efects ob-
served here, and moreover, their higher contents in FrLME
may be related to its overall higher antioxidant activity
compared to FeLME.

In this study, we explored the antioxidant and anti-
infammatory properties of extracts from fresh and fer-
mented leaf mustard. While these extracts are traditionally
consumed for their therapeutic benefts, systematic in vitro
investigations into their efects have been limited. Our
previous experiments have shown that both FrLME and
FeLME are abundant in bioactive compounds, notably
polyphenols, glucosinolates, and their derivatives. In-
triguingly, FrLME possesses nearly twice the glucosinolate
content compared to FeLME. Considering published reports
that highlight the potential of various glucosinolates in
exhibiting anticancer, antioxidant, anti-infammatory, and
antibacterial activities [1, 19, 20], it is plausible that these
sulfur-rich glucosinolate metabolites play a role in the ob-
served anti-infammatory efects. In addition, the higher
glucosinolate content in FrLME could explain its superior
antioxidant activity compared to FeLME.

Our study provides experimental evidence that both
FrLME and FeLME can scavenge DPPH- and ABTS-free
radicals and reduce oxidative ferric ions to block their oxi-
dative efects, in addition to partially restoring activities of
SOD and GSH-PX and MDA content in RAW264.7 cells. In
an endotoxin-induced oxidative stress model in mice, SOD
was shown to ameliorate infammation and lung tissue
damage by stabilizing vascular endothelial function and re-
ducing the levels of vascular endothelial adhesion factors [21].
MDA is a biomarker for peroxidative damage to lipids in the
endoplasmic reticulum membrane [22]. GSH-PX is an en-
zymatic inhibitor of free radicals that inhibits the perox-
idation of membrane lipids and thus performs essential
functions in regulating oxidation and antioxidant balance in
the body [23]. When comparing the efects of FrLME and
FeLME on SOD and GSH-PX activities, the FrLME group
exhibited signifcantly greater activity than the FeLME group.

Since oxidative stress is closely related to infammation
due to the massive production of ROS during infammatory
response, ROS promotes the activation of the NF-κB and
COX2 transcription factors, resulting in an infammation
signal cascade [24]. We also evaluated the efects of LMEs on
infammation signaling biomarkers in RAW264.7 macro-
phages. We found that treatment with both FrLME and
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Figure 5: Te efect of FrLME and FeLME on infammation-related mRNA (a–d) and protein (e) of RAW264.7 cells. Te data are
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a statistically signifcant diference (P< 0.05).
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FeLME can lead to signifcant, concentration-dependent
reduction in the secretion of NO by infammatory cells,
the high production of which reportedly leads to aggravation
of infammatory bowel disease via inhibition of colon
movement and damage to the intestinal mucosal barrier
[25]. Specifcally, nitric oxide (NO) is known to increase the
permeability of microvascular walls, a process that can be
infuenced by IL-2 activation. Tis increase in permeability
can lead to dysfunction in the colon, causing tissue con-
gestion and infammation [25]. In addition to NO, TNF-α,
IL-1β, and IL-6 are major proinfammatory factors in ul-
cerative colitis which are signifcantly increased in animal
models of colitis [26]. Our results showed that treatment
with fresh or fermented LME can lead to signifcantly lower
levels of TNF-α, IL-1β, and IL-6 secreted by infammatory
cells, suggesting that these extracts have an inhibitory efect
on the production of infammatory factors. Te comparison
between FrLME and FeLME treatments shows that the NO
content and the levels of TNF-α, IL-1β, and IL-6 in cells
treated with FrLME are signifcantly reduced (p< 0.05).

In order to refne our understanding of the mecha-
nisms by which LMEs can induce anti-infammatory
efects in cells, we also examined the mRNA and pro-
tein expression of TLR4 and its downstream targets NF-
κB p65, COX-2, and iNOS in RAW264.7 cells. Notably,
TLR4, NF-κB, COX-2, and iNOS are typically expressed
at very low levels in normal human colon tissues but their
expression is signifcantly increased in patients with
infammatory bowel disease [27–30], an efect that we
recapitulated in the LPS-stimulated RAW264.7 murine
macrophage cells and which was signifcantly decreased
under treatment with both FrLME and FeLME. Te
TLR4-NF-κB p65-COX-2/iNOS signaling pathway is
a classic infammation signaling pathway, and based on
our fndings, we hypothesized that the intervention of
LME, particularly FrLME, signifcantly induced anti-
infammatory outcomes by inhibiting this pathway
amidst infammation. We found that both COX-2, a re-
liable biomarker for enzymatic conversion of arachidonic
acid to prostaglandins during oxidative stress [31, 32],
and iNOS, which directly increases NO production from
L-arginine during infammation [33] were upregulated by
LPS but decreased under LME treatment. Our future
experiments will explore the mechanistic interactions by
which LME and its specifc components block the
upregulation of TLR4 signaling through antioxidant
activity. In addition, our previous research results in-
dicate that the total glucosinolate (GSL) content is high in
the ethanol extracts of FrLME and FeLME, with the total
GSL content in FrLME being signifcantly higher than
that in FeLME. In addition, we identifed various GSL
components in the ethanol extract, including radish
glucosinolate (4-methylsulfnylbutyl GSL) and allyl GSL.
Terefore, we speculate that the anti-infammatory ac-
tivity of the mustard ethanol extract is related to its GSL
and its degradation components. Concurrently, the
mustard ethanol extract has the potential to become
a functional food ingredient for the prevention of in-
fammatory bowel diseases.

5. Conclusion

In summary, FrLME and FeLME can eliminate DPPH- and
ABTS-free radicals and reduce oxidative ferric ions in vitro. In
the LPS-induced infammatory RAW264.7 cells, treatment
with LMEs can enhance the activity of antioxidant enzymes
(i.e., SOD and GSH-PX) and MDA content and lead to re-
duction in the levels of proinfammatory factors TNF-α, IL-1β,
and IL-6. Both extracts exhibited anti-infammatory efects
through apparent blockade of the TLR4-NF-κB p65-COX-2/
iNOS signaling pathway. Moreover, FrLME induced stronger
anti-infammatory efects than FeLME, which we speculate
may be attributable to the higher glucosinolate content in fresh
leaf mustard. Although we provide in vitro experimental
evidence that mustard extract has anti-infammatory and
antioxidant properties, the basis of material action of the
mustard extract has not been fully revealed. In addition, the
metabolic pathway and mechanism of the mustard extract in
vivo still need to be further studied. Upcoming research will
delve deeper into sophisticated in vivomodels to ascertain the
potential benefts of these extracts, sourced from both fresh
and fermented leaf mustard. We aim to explore their potential
anti-infammatory impacts on conditions such as in-
fammatory bowel disease, cardiovascular disease, rheumatoid
arthritis, and cancer, building upon the antioxidant activity we
noted in our in vitro observations.
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FrLME: Fresh leaf mustard extract
FeLME: Fermented leaf mustard extract
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Data Availability

Te data that support the fndings of this study are available
from the corresponding author upon reasonable request.

Additional Points

Practical Applications. In recent years, the research on the
phytochemical components of leaf mustard and its func-
tional efects, e.g., anticancer, anti-infammation, and
antioxidation, had attracted great attention all over the
world. Tis study reveals the potential applications of leaf
mustard extracts in antioxidation and anti-infammation.
Fresh leaf mustard extract (FrLME) and fermented leaf
mustard extract (FeLME) demonstrated signifcant anti-
oxidative activities in various assays, with FrLME showing
stronger anti-infammatory efects in an LPS-induced in-
fammation cell model. Tese fndings provide a theoretical
basis for the application of leaf mustard extracts as natural
antioxidants and anti-infammatory agents in the food in-
dustry and pharmaceutical development. Particularly,
FrLME exhibited potential in treating infammation-related
diseases by inhibiting the TLR4-NF-κB p65-COX-2/iNOS
pathway and reducing the expression of infammatory
factors. Moreover, these results lay the foundation for
further research and application of leaf mustard extracts in
more complex models of infammatory diseases.

Conflicts of Interest

Te authors declare that they have no conficts of interest.

Acknowledgments

Tis study was supported by the “Guangxi Zhuang Auton-
omous Region Youth Science Foundation (2022JJB140168
and 2023JJB130297),” “Research Capacity Enhancement
Project for Young and Middle-Aged Teachers in Guangxi
Universities (2023KY0341 and 2023KY0351),” “Guangdong
Provincial Key Laboratory Open Fund Project for the Uti-
lization and Conservation of Food and Medicinal Resources
in Northern Guangdong (FMR2022008Z),” “Hunan Pro-
vincial Natural Science Foundation of China General Pro-
gram (2021JJ30315)” and “Guangxi University of Science and
Technology Doctoral Fund Project (School Sci-Doc 22Z26).”

References

[1] S. Y. Park, H. L. Jang, J. H. Lee, Y. Choi, H. Kim, and J. Hwang,
“Changes in the phenolic compounds and antioxidant ac-
tivities of mustard leaf (Brassica juncea) kimchi extracts
during diferent fermentation periods,” Food Science and
Biotechnology, vol. 26, no. 1, pp. 105–112, 2017.

[2] S. K. Biswas, “Does the interdependence between oxidative
stress and infammation explain the antioxidant paradox?”
Oxidative Medicine and Cellular Longevity, vol. 2016, Article
ID 5698931, 9 pages, 2016.

[3] S. K. Oh, C. Tsukamoto, K. Kim, and M. Choi, “Investigation
of glucosinolates, and the antioxidant activity of Dolsan leaf
mustard kimchi extract using HPLC and LC-PDA-MS/MS,”
Journal of Food Biochemistry, vol. 41, no. 3, Article ID 123666,
2017.

[4] S. R. Huang, M. Huang, and B. Feng, “Antioxidant activity of
extracts produced from pickled and dried mustard (brassi-
cajuncea Coss. Var. Foliosa Bailey),” International Journal of
Food Properties, vol. 15, no. 2, pp. 374–384, 2012.

[5] H. Young Kim, T. Yokozawa, E. Ju Cho, H. Sik Cheigh, J. Sue
Choi, and H. Young Chung, “In vitro and in vivo antioxidant
efects of mustard leaf (Brassica juncea),” Phytotherapy Re-
search, vol. 17, no. 5, pp. 465–471, 2003.

[6] H. Y. Kim, T. Yokozawa, and E. J. Cho, “Mustard leaf sup-
presses nitric oxide synthesis by mouse macrophages,”
Journal of Nutritional Science and Vitaminology, vol. 51, no. 3,
pp. 200–203, 2005.

[7] D. Van Eylen, N. Bellostas, B. W. Strobel et al., “Infuence of
pressure/temperature treatments on glucosinolate conversion
in broccoli (Brassica oleraceae L. cv Italica) heads,” Food
Chemistry, vol. 112, no. 3, pp. 646–653, 2009.

[8] H. P. Du, A. Q. Zhao, Q. Wang, X. B. Yang, and D. Y. Ren,
“Supplementation of inulin with various degree of poly-
merization ameliorates liver injury and gut microbiota dys-
biosis in high fat-fed obese mice,” Journal of Agricultural and
Food Chemistry, vol. 68, no. 3, pp. 779–787, 2020.

[9] H. P. Du, L. Shi, Q. Wang et al., “Fu brick tea polysaccharides
prevent obesity via gut microbiota-controlled promotion of
adipocyte browning and thermogenesis,” Journal of Agri-
cultural and Food Chemistry, vol. 70, no. 43, pp. 13893–13903,
2022.

[10] Y. Wang, A. Q. Zhao, H. P. Du, Y. Y. Liu, B. R. Qi, and
X. B. Yang, “Teabrownin from fu brick tea exhibits the
thermogenic function of adipocytes in high-fat-diet-induced
obesity,” Journal of Agricultural and Food Chemistry, vol. 69,
no. 40, pp. 11900–11911, 2021.

[11] H. M. Habib and W. H. Ibrahim, “Efect of date seeds on
oxidative damage and antioxidant status in vivo,” Journal of the
Science of Food and Agriculture, vol. 91, no. 9, pp. 1674–1679,
2011.

[12] J. M. Mccord, “Te evolution of free radicals and oxidative
stress,” Te American Journal of Medicine, vol. 108, no. 8,
pp. 652–659, 2000.

[13] M. Marius, A. Gilbert, T. Gonzal et al., “In vitro anti-
infammatory, anti-oxidant and in vivo anti-arthritic prop-
erties of stem bark extracts from Nauclea pobeguinii
(Rubiaceae) in rats,” Asian Pacifc Journal of Tropical Bio-
medicine, vol. 10, no. 2, pp. 65–77, 2020.

[14] S. J. Kim, T. J. Kim, E. H. Kim, and Y. M. Kim, “Anti-
infammatory and anti-oxidant studies of osung-tang extracts
in LPS-induced RAW 264.7 cells,” Te Journal of Korean
Medicine Ophthalmology and Otolaryngology and Dermatol-
ogy, vol. 33, pp. 1–11, 2020.

[15] Z. Chaniotou, P. Giannogonas, S. Teoharis et al.,
“Corticotropin-releasing factor regulates TLR4 expression in
the colon and protects mice from colitis,” Gastroenterology,
vol. 139, no. 6, pp. 2083–2092, 2010.

10 Journal of Food Biochemistry



[16] S. J. Hur, S. Y. Lee, Y. C. Kim, I. Choi, and G. B. Kim, “Efect of
fermentation on the antioxidant activity in plant-based
foods,” Food Chemistry, vol. 160, pp. 346–356, 2014.

[17] J. I. Kim, J. S. Park, W. S. Kim, K. L. Woo, J. T. Jeon, and
B. T. Min, “Antioxidant activity of various fractions extracted
from mustard leaf(Brassica juncea) and their kimchi,” Joutnal
of life science, vol. 14, pp. 286–290, 2004.

[18] Y. Tian, F. M. Deng, L. Y. Zhao et al., “Characterization of
extractable components of fresh and fermented Huarong
large-leaf mustard and their inhibitory efects on human
colon cells,” Food Bioscience, vol. 43, pp. 1–10, 2021.

[19] Y. Kim, A. G. Wu, A. Jaja-Chimedza et al., “Isothiocyanate-
enriched moringa seed extract alleviates ulcerative colitis
symptoms in mice,” PLoS One, vol. 12, no. 9, Article ID
e0184709, 2017.

[20] G. Pappa, M. Lichtenberg, R. Iori, J. Barillari, H. Bartsch, and
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