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Summary

The objective of this study was to evaluate whether RSV inhibits
(NETs) that
hyperalgesia in C57BL/6 mice after adjuvant-induced arthritis.

neutrophil extracellular traps induce joint

A subplantar injection of Freund's complete adjuvant was
administered to C57BL/6 mice on day 0 for immunization in the
AIA model. Resveratrol (RSV, 25 mg/kg) was administered
intraperitoneally once daily starting on day 22 and continuing for
two weeks. The effects of mechanical hyperalgesia and edema
formation have been assessed in addition to histopathological
scoring. Mice were sacrificed on day 35 to determine cytokine
levels and PADI4 and COX-2 expression levels. ELISA was used
to quantify neutrophil extracellular traps (NETs) along with
neutrophil elastase-DNA and myeloperoxidase-DNA complexes in
neutrophils. An immunohistochemical stain was performed on
knee joints to determine the presence of nuclear factor kappa
B p65 (NF-kB p65). AIA mice were found to have higher levels of
NET in joints and their joint cells demonstrated an increased
expression of the PADI4 gene. Treatment with RSV in AIA mice
(25 mg/kg, i.p.) (P<0.05) inhibited joint
hyperalgesia, resulting in a significant increase in mechanical

significantly

threshold, a decrease in articular edema, a decrease in the
increased COX-2
expression, and a decrease in the immunostaining of NF-kB.

production of inflammatory cytokines,
Furthermore, treatment with RSV significantly reduced the
elastase (NE)-DNA and MPO-DNA
complexes, which were used as indicators of NET formation
(P<0.05). This study indicates that RSV reduces NET production
and hyperalgesia by reducing inflammation mediated by PADI4
and COX-2. According to these data, NETs contribute to joint

pain and resveratrol can be used to treat pain in RA through this

amount of neutrophil

pathway.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune
disease affecting 1-1.5 % of the global population [1]. It
itself
autoantibodies, resulting in pain, cartilage damage, and
bone loss [2]. Although the etiology of RA is not fully
understood, but it involves genetic, environmental and

manifests through joint inflammation and

hormonal factors. An increase in sensitivity to joint pain,
hyperalgesia, is the significant symptom of rheumatoid
arthritis [3]. Despite advances in RA therapy, patients
still face limited pain relief and reduced inflammation
due to joint inflammation. The RA model has been used
in various animal models to demonstrate the potential
role of pro-inflammatory cytokines in the elicitation of
joint hyperalgesia [4]. In response to cytokines released
by immune cells [5], eicosanoids are produced to
stimulate afferent primary neurons.

Neutrophils are also recruited into the joints by
cytokines, which act as powerful hyperalgesic mediators,
often causing inflammation. Most inflammatory events,
including joint pain, are prevented by blocking neutrophil
In addition to

migration to inflamed joints [5].
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communicating with other cells of the immune system
[6], neutrophils are known to release enzymes such as
myeloperoxidase (MPO) and matrix metalloproteinases,
as well as free radicals derived from oxygen and nitrogen,
which cause joint tissue damage [7]. Primary neurons are
also sensitized by eicosanoids [5]. NETs, consisting of
a DNA matrix associated with extracellular cytotoxic
enzymes and proteins, have been demonstrated to be
released by neutrophils over the past decade. NETs have
been shown to be critical in reducing inflammatory
responses. NETs are capable of killing a wide range of
bacteria, fungi, protozoa, and viruses [8]. The
pathophysiology of a variety of other diseases, such as
autoimmune disorders, is also influenced by NETs.
Experimental RA is reduced in severity when the enzyme
PADI-4 (peptidyl arginine deiminase 4), which plays
an essential role in NETosis [9]. The results of several
experimental studies on autoimmune diseases showed
that NETs mediate tissue damage [10]. NET release of
NETs has also been found to magnify the immune
response in autoimmunity through recognition of the
components as damage-associated molecular patterns
(DAMP) [11].

During the past few years, resveratrol (RSV),
a polyphenol found in grapes, mulberries, cranberries and
walnuts, has attracted considerable attention [12]. RSV
shows a wide variety of pharmacological functions,
including its antioxidant, antitumor, and anti-
inflammatory properties [13]. In addition to modulating
enzymes belonging to a variety of classes, RSV also acts
to neutralize free radicals by acting on lipoxygenases,
cyclooxygenases, and sirtuins [14], which are among its
many molecular targets. RSV was also shown to be
an effective therapy for arthritis in experimental models
by modulating cellular and humoral responses [15]. The
efficiency of RSV depends on sufficient levels of active
molecules present in the bloodstream and target tissues.
Resveratrol has been shown to lower ROS and alleviate
RA in animal studies [16]. Meta-analyses of preclinical
models suggest that resveratrol can also decrease levels
of pro-inflammatory cytokines such as IL-1, IL-6 and
TNF-0. Another clinical trial that proved the positive
effects of resveratrol on RA patients, where those
receiving daily doses of resveratrol supplementation
experienced significantly less clinical symptoms and
higher serum levels of inflammation [17].

However, there is no evidence that RSV inhibits
NET production in joint hyperalgesia of RA. This is
despite the fact that NET production is well established

during experimental and clinical RA. The present study
used an experimental rodent model of RA to investigate
whether RSV can inhibit NET in joint hyperalgesia by
reducing inflammation through PADI4 and COX-2 in
antigen-induced arthritis in C57BL/6 mice.

Materials and Methods

Chemical and reagents
A Myeloperoxidase assay kit from Thermo
Fisher Scientific, USA, was used along with Ficoll
1119/1077 from Himedia labs, China.
and chemicals used in this study were

histopaque
Reagents
commercially available and of the highest quality.

Animals

Male wild-type C57BL/6 mice weighing 20-25 g
were used in the experiments. At the Orthopaedics of
Department of Wushan County Hospital, China, all
animals were maintained in temperature at 25 °C and
provided water and food as needed. The national and
international guidelines of the Animal Ethics and care
were followed when handling and observing animals. The
institutional animal ethics review board approved the
study with number ZC-WCH/34-23-
34/E/DO.

the approval

Antigens

Armour Pharmaceutical Company, Eastbourne,
UK, provided bovine serum albumin (BSA, Cohn
fraction V) to us as antigens for this study. Using the same
method described by Fraenkel-Conrat and Olcott [6],
methylated BSA was prepared. The preparations were then
lyophilised and stored as lyophilized powders. A sterile
intraarticular injection was made by irradiating mBSA with
2.5 megarad and dissolving it to reach the appropriate
concentration in the sterile saline prior to injection.

Adjuvants

The antigens in saline were emulsified with
0.5 mg/ml killed Mycohacieriuni butyricum in the
complete Freund adjuvant in equal volume, and added to
a glass vial containing 1.0 ml of saline. A Bordetella
pertussis (2x107) organism was injected intraperitoneally

into the mice.

Immunization of mice with mBSA and treatment protocol
Antigen-induced arthritis (AIA) is induced using
the same method as previously described [18], but with
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minor alterations. A subcutaneous injection of 500 g of
methylated bovine serum albumin was used in 0.2 ml of
Freund's adjuvant (1 mg/ml of Mycobacterium
tuberculosis) and a complete Freund's adjuvant (0.1 ml)
to sensitize mice on day 0. A similar preparation was
used to stimulate mice on day 7. A similar injection was
given to control mice, but without mBSA. It was
recommended to administer a second immunization, as
mentioned above, 14 days after initial sensitization. The
first challenge was used as an inducer by administering
mBSA (100 pg/cavity) intraarticularly into either the
right or both knee joints, respectively, on the 21* day
after the second immunization. Similarly, to the first
challenge, the mice were again challenged on day 28.

A total of 48 mice with 12 mice in each group
were randomly assigned to the following four groups on
day 21 after the first challenge. Group 1: normal control
(untreated). Group 2: arthritic control (vehicle-treated,
AIA). Group 3: RSV (15 mgkg, ip.) was given to
arthritis-prone mice. Group 4: RSV (25 mg/kg, i.p.) was
given to arthritis-prone mice. As part of the study,
resveratrol was administered intraperitoneally once daily
from day 22 to day 35 (two weeks) with a mixed solution
of 25 mg/kg body weight of resveratrol (15 or 25 mg/kg,
initially dissolved in 7 % DMSO and 35 percent PEG 300,
and subsequently added to normal saline). The mixed

solution was administered intraperitoneally to AIA mice.

Autopsies and histology

A 70 % ethanol solution was used to clean the
knees on day 36, under slight ether anaesthesia. To
quantify NETs, it is necessary to open the knee joints and
wash them with phosphate buffer saline to clean them.
Aspirated fluids were used for further analysis and
PADI4 expression after treatment.

A cervical dislocation was used to sacrifice mice
and a sample of blood (2 ml) was collected from each
animal. The patellar tendon was incised through
a transverse incision and sterile conditions were used to
open the knee joints, removing the hind legs, and
skinning them. An aerobic and anaerobic leg culture was
performed for one week in nutrient broth and Brewer's
medium, respectively. There was no sign of bacterial
growth on the horse blood agar after placing one drop of
the nutrient broth medium on it. Formaldehyde and nitric
acid were used to decalcify the legs after initial fixation
with 10 % phosphate buffer formalin. A series of alcohol
baths of 70 to 90 % was then applied to dehydrate them
for 2-3 h, followed by 24 h in absolute alcohol after they

had been dehydrated. In this case, the sample was first
cleared in chloroform and then embedded in paraffin wax
at 60 °C, where
immunostaining procedures.

serial sections were stored for

Evaluation of articular hyperalgesia

For evaluation of femur-tibial joint hyperalgesia
[19],
an electronic von Frey test was performed. We applied

after treatment, as described previously
increasing force perpendicularly to the plantar surface of
the hind paw, causing the femur-tibia joint to flex and
then withdraw the paw. An electronic pressure meter was
used to record the force applied to the paw when it was
withdrawn.

A blinded

repetitions of the test until three consecutive measurements

investigator conducted several
with variance greater than one gram were obtained.
A mechanical threshold is measured in grams, and
areduction in the threshold can be seen as a sign of
hyperalgesia. A calliper was used to measure the thickness
of the knee joints in millimeters. During the experiment,
the diameter was measured on days22 (basal) and 36
(therapy), and the result was expressed as the mean and the

difference between the two diameters (Amillimeters).

Cytokine measurements

The knee joints of the animals were isolated and
homogenised in 500 ml of protease inhibitor-containing
buffer after terminal anaesthesia. TNF-a and IL-1p levels
were determined by ELISA (R&D Systems, USA) using
conjugated antibodies as previously described [20]. Each
cytokine is expressed in pg/mg.

Our subsequent experiments were conducted
with RSV (25 mg/kg, i.p.) based on findings of articular
hyperalgesia (mechanical threshold and reduction of knee
joint thickness) and cytokine levels. It appears to be
poorly absorbed when administered intraperitoneally at
a lower dose (15 mg/kg) due to its low bioavailability.
Hence, we selected a higher dose of RSV (25 mg/kg).
Neutrophil isolation and collection of cell-free
supernatants containing NETs

The of different

animals were separated by using the density gradient

neutrophils experimental
method. Aspirated fluids from the entire articular joints
were placed onto Ficoll Paque Premium (Sigma Aldrich,
China) using the Ficoll histopaque 1119/1077 density
gradient technique. Aspirated joint samples (5 ml) were
layered over Granulosep 1119 and Hisep 1077 to achieve



94 Chenetal.

Vol. 73

a density gradient. The sample was centrifuged for 2 min
at 700x g. The desired volume was obtained by pooling
joint samples within each group. HBSS was used to
Then
resuspended in serum-free DMEM. Cell pellets were

separate  neutrophils. they were carefully
resuspended in chilled phosphate buffered saline and
washed for five minutes. RPMI-1640 + 2 % fetal calf
serum culture medium was then used to resuspend the
granulocyte pellets. Cell viability was greater than 94 %
under different experimental conditions. Cell purity was
also confirmed using trypan blue (0.4 %) in PBS
(phosphate  buffered

measured by freezing cell-free supernatants at 80 °C.

saline). The composition was

Observation of NETs Release from neutrophils

Hoechst staining was used to visualize the
release of NETs. To stain viable neutrophil nuclear
DNA, 5 pmol/l of Hoechst 33342 (Invitrogen, USA)
were applied to each well and incubated for 10 min in
5% CO, at 37 °C. We diluted Hoescht 33342 stock
solution in PBS to 1:2000 and added enough solution
over the cells (500 ul per well in a 48-well plate) and
then incubated the cells for 20 min at room temperature.
To remove the excess stain from the cells, the cells were
gently washed three times with phosphate buffer saline.
The wells were excited with laser excitation and
340nm and 471 nm,
respectively, before microscopy. An Olympus IX70
with UV filter
(excitation wavelength 340 nm) was used to image

emission wavelengths at

inverted fluorescence microscope
neutrophils. Image] software (http://rsbweb.nih.gov/ij/)
was used to composite images taken with a DP72 digital
camera (Olympus) at magnification x100.

A scanning electron microscope was used to
observe and photograph NETs in greater detail. Once
cells had been incubated, the medium had been removed
and 3 % glutaraldehyde in phosphate buffer saline for one
hour at 37 °C. After dehydrating for five minutes with
increasing alcohol concentrations — 45 %, 65 %, 85 %,
and 100 % — ensure the cells were completely dried. The
coverslips were coated with carbon sputter before
viewing the cells under the Hitachi S3400N scanning
electron microscope [21].
Neutrophil  elastase  (NE)-DNA and MPO-DNA
complexes to quantify NET formation using ELISA

Based on the association of MPO with NETs
[22], MPO-DNA capture ELISA was used for the
detection of pre-existing NETs in cell-free supernatants

obtained from joint samples. It was used to break
DNA-MPO particles in the NETs and obtain smaller
particles for the DNA-MPO assay by treating aspirated
fluids from joint samples with 500 U/ml of MNase
(micrococcal nuclease) from Staphylococcus aureus.
A 96-well plate (dilution 1: 400 in 30 ml) was coated
with 5 mg/ml anti-MPO mAb (Millipore) overnight at
4 °C for the capture antibody. The plate was then washed
three times with PBS (300 pl each) before coating with
1 % bovine serum albumin. After applying MNase to the
joint samples, 20 pl of each MNase treated sample was
added to the wells, along with an incubation buffer that
contained a peroxidase-labelled anti-DNA mAb (Cell
Death ELISA PLUS, Roche; 1:30 dilution). The plates
were shaken for two hours at 37 °C. A total of three
washes (30 pl each) followed by 100 ul of peroxidase
substrate. At 430 nm, the absorbance was measured after
a 20-minute incubation in the dark at room temperature.
An increase in absorbance above control is used to
OD was
measured using a Synergy HIMF microplate reader
(USA) at 410 nm and 470 nm. Finally, we divided the
sample values OD 410-470 by the positive control OD
410-470 values to obtain the OD 410-470 index.
NE-DNA interactions were measured in cell-free

determine soluble NET formation wvalues.

supernatants as previously described [23]. Plasma
neutrophil elastase-DNA complexes were measured by
Sandwich ELISA to detect NETs. Microtiter plates with
96 wells were coated overnight with the capture antibody
against neutrophil elastase (100 pl/well; cat. ab68672,
abcam) diluted in carbonate-bicarbonate buffer (pH 9.4,
cat. No. C3041, Sigma-Aldrich, USA; 1:800) at 4 °C. The
samples were blocked with bovine serum albumin
(5 % bovine serum albumin, 300 pl per well), after which
we added the joint samples (100 ul per well) and
incubated with peroxidase conjugated antibodies for
DNA detection (The Cell Death Detection ELISAplus
Kit, Roche). The percentage increases in absorbance
above the control represent soluble NET formation.
A Synergy HIMF microplate reader (BioTek, USA) was
used to measure the optical density at 450 and 490 nm.
Finally, we divided the OD450-490 values from the
sample by the positive control OD450-490 values

0OD450-490 to get the OD 450-490 index.

Reverse transcription-polymerase chain reaction assays
A Qiagen kit (Qiagen, Germany) was used to

extract RNA from the cell-free supernatant of articular

joint samples to evaluate the expression of the PADI4 and



2024

Resveratrol Attenuates Rheumatoid Arthritis in C57BL/6 Mice 95

COX-2 genes. A Trizol (Thermo Fisher
Scientific) was used to extract total cellular RNA.

reagent

Quantification of the amplicons was performed using the
SYBR-green fluorescence system (Applied Biosystems,
USA). The primers used were the following: GAPDH
forward: 5-AAGTTCGGAGAGATTAG-3,
5-GGTTACCTTGTTACGACTT-3; PADI4 forward:
5-GACCTAATAGTTACCGAA-3; reverse: 5-ATCCTA-
AGGCCCAGGGTAC-3; COX-2 forward: 5-GGATTC-
CGCCGAATCCAG-3; reverse: 5-AACTTACGGGAG-
CCAATATTC-3.

reverse:

Western blot analysis of PADI4 and COX-2 expression in
articular aspirated fluids

An articular joint supernatant was lysed with
a lysis buffer to obtain total protein. The lysates were
centrifuged at 4 °C for 1 min after 30 min on ice. We
used Pierce Biotechnology, Inc.'s bicinchoninic acid
(BCA) assay reagents to assess the protein content. We
separated the protein (40 pug) on 12 % SDS polyacryl-
amide gels and transferred it onto polyvinylidene
difluoride membranes. The membrane incubation was
followed by blocking with 5 % non-fat milk 5 %. We
used anti-PADI4 rabbit polyclonal antibody (1:800
dilutions; Santa Cruz Biotechnology, USA). Rabbit anti-
COX-2 IgG (1:1000 dilution, Cell Signaling Technology,
USA), and the anti-f-actin mouse monoclonal antibody
anti-B-actin (1:800 dilution) at room temperature for 3 h.
Incubation of the membranes with rabbit anti-mouse
IgG (1:2000 dilution) and mouse anti-rabbit IgG (1:2000
dilution) was performed at 37 °C with horseradish
peroxidase (HRP) conjugated secondary antibodies.
An ECL detection kit (Pierce Biotechnology) was used to
detect the signals. ImageJ software was used to quantify
protein band intensity. Normalisation of relative protein
levels was performed using -actin.

Assessment of nuclear factor-kappa B p65 expression

In both treated and untreated groups, NF-kB/p65
polyclonal antibodies (1:200 dilution) were used for
immunohistochemistry staining of knee joint sections,
followed by washing and incubation with horseradish
peroxidase (HRP) conjugated secondary antibodies for
30 min. An increase in brown color was observed in
synovial tissue when the NF-kB p65 protein was detected
under light microscopy. The Leica Biosystems slide analysis
software was used to calculate the mean expression area
percentage of NF-kB from 8 random fields.

Statistical analysis

Data are expressed as mean + standard error of
the mean (SEM). Data normality was determined using the
Kolmogorov-Smirnov (KS) test, and all data had a normal
distribution. ANOVA was used to compare the mean of
different groups, followed by the Tukey-Kramer multiple
comparison test. These statistical tests were conducted with
Graph Pad Prism 9.5 (Graph Pad Software Inc, San Diego,
California, USA). Statistical significance was determined
by a P value of less than 0.05.

Results

Effect of RSV on Articular hyperalgesia

To evaluate the effects of RSV on hyperalgesia of
the joints, to determine whether administration of RSV
could inhibit hyperalgesia. Compared to the control group,
there was a significant reduction in the mechanical
threshold, indicating momentous induction of mechanical
hyperalgesia. It improved significantly (P<0.05) improved
after RSV (25 mg/kg, ip.) administration relative to
AlA group.

In addition, the effects of RSV on joint swelling
were determined and analysed. There was a significant
increase in joint swelling around the knee joint indicating
a momentous induction of hyperalgesic activity in AIA mice
compared to the control group. It decreased significantly
(P<0.05) decreased after oral administration of the
RSV dose (25 mg/kg) compared to the AIA group (Fig. 1).

Effect of RSV on cytokine production mediated through Toll-
like receptors 4 and 9 in AIA-induced hyperalgesia

Toll-like receptors, TLRs, which coordinate the
release of hyperalgesic cytokines, cause inflammatory
hyperalgesia, as previously demonstrated [24]. The purpose
of this study is to determine the mechanism by which RSV
effects local hyperalgesia mediated through TLR receptors.
It is apparent that AlA-induced hyperalgesia affects the
release of these cytokines through the activation of the
TLR-4 and TLR-9 receptors, as evidenced by low
concentrations of TNF-a and IL-f in synovial fluid after
RSV treatment
a significant reduction in the nociceptive threshold
demonstrated by the reduced TNF-a and IL-1f levels when
treated with the RSV dose (25 mg/kg) (Fig. 2), indicating
that TLR-4 and TLR-9 receptors play a role in the reduction

(25 mg/kg, ip., Fig.2). There was

of nociceptive threshold. According to these findings,
resveratrol administration improved AIA in mice as well as
inflammatory responses to joint injury.
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Effects of RSV on the Release of NETs

We further demonstrated and confirmed NET
release by nuclear staining with Hoechst 33342 and
scanning electron microscopy in isolated neutrophils
obtained  from  various  experimental  animals.
A significant increase in the release of NET was observed
in isolated neutrophils from AIA mice (Fig. 3) compared
to the control group. We found that RSV (25 mg/kg, i.p.)
decreased considerably (P<0.01) the release in joint
samples (Fig. 3) compared to the AIA group. A scanning
electron microscope (Fig.3) also confirmed these
findings. NET production was significantly high in the
AIA model group compared to the control (P<0.05). NET
values were considerably lower after RSV treatment with
RSV (25 mg/kg, i.p.) relative to the AIA group (P<0.05;
Fig. 4). According to the above findings, the neutrophil
infiltration, survival, and NET release of the AIA model

can be affected by resveratrol administration.

Effects of RSV on neutrophil elastase (NE)-DNA and MPO-
DNA complexes to quantify NET formation using ELISA
Our detection of MPO-associated DNA by
ELISA further confirmed our fluorescence microscopy
NET
formation was calculated as a percentage by normalizing

experiments and quantified NET formation.
the optical density measurements to those of the negative
control. Based on these NET-specific assays, we found
that AIA model groups produced NETs with a large
increase in MPO-DNA complexes relative to the control
group, while RSV treatment with RSV (25 mg/kg, i.p.)
produced only minimal increases in NET percentage. The
MPO-DNA ELISA was used to detect NETs in joint fluid
samples, because MPO and DNA in the scaffold of NETs
are associated with each other. Figure 5 shows the results.

Similar results were also obtained using the
neutrophil elastase (NE)-DNA complex in which the
NETs in AIA model group showed a significant increase
(P<0.01) that were attenuated after RSV treatment with
RSV (25 mg/kg, i.p). This suggests that NETs contribute
to increased permeability in AlA-induced rheumatoid
arthritis. In addition, we were able to localize markers of
NETs, such as NE and MPO (Fig. 4) in both treated and
untreated groups. These markers are located exactly at the
location of the NETs, as shown in Figure 5. According to
the above findings, RSV (25 mg/kg, i.p.) inhibited the
formation of NET, thus exhibiting anti-arthritic effects.
AlA-induced arthritis seems to be increasing the number
of neutrophil cells and the expression of NE and MPO
markers, but treatment with RES leads to a decrease in

the number and markers’ expression.

Effects of RSV on PADI4 and COX-2 gene expression
using RT-gPCR

To confirm the presence of NETs in neutrophils
isolated from treated and untreated mice, we quantified
the expression of PADI4 and COX-2. The expression of
the PADI4 and COX-2 genes
AIA animals

indicating an association between PADI4 and COX-2

also increased in

that migrated to the articular joint,

expression and NET production (Fig. 6). Treatment of
AIA animals with RSV (25 mg/kg) considerably (P<0.05)
reduced PADI4 or COX-2 expressions when compared to
the AIA group. We found that resveratrol antagonized
neutrophil migration and inflammation by inhibiting
PADI4 and COX-2. The results of these studies indicated
inhibited
chemotaxis, and inflammation through the inhibition of
PADI4 and COX-2 expression levels.

that  resveratrol neutrophil  migration,

Effects of RSV on PADI4 and COX-2 expressions using
Western blot analysis

Furthermore, Western blot analyses were then
performed to determine the levels of expression of
PADI4 and COX-2 expressions in aspirated fluids to
further confirm the role of NETs in the expression of
PADI4 and COX-2 in antigen—induced arthritis in mice
as previously published. AIA animals showed increased
expression of PADI4 and COX-2 in their articular joints,
suggesting that increases in NET production may be
linked to these genes (Fig. 7). Treatment of AIA animals
with RSV (25 mg/kg) considerably (P<0.05) reduced
PADI4 or COX-2 expressions when compared to the
AIA group.

Analysis of the expression of nuclear factor kappa B p65

Immunohistochemical examination of the
synovial tissues of the normal group showed no evidence
of the expression of NF-kB p65, in contrast to the
expression observed in the synovial tissues of the arthritis
control group. As expected, the RSV group (300 mg/kg)
slowed down NF-B p65 expression similarly to the

normal group (Fig. 8).
Discussion
For the first time, resveratrol has been tested in

mice infected with antigens to determine whether it
influences NET formation. The formation of NETSs aids
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Fig. 1. Alleviation of articular hyperalgesia in adjuvant-induced arthritis following the treatment of resveratrol in mice.
(A) Administration of resveratrol attenuates AIA-induced mechanical hyperalgesia in mice. (B) Joint swelling was assessed by measuring
ankle joint diameter. Values are the mean + standard error of the mean (SEM). *** P<0.001 when comparing antigen induced arthritis
treated with the control group. * P<0.05 when comparing antigen-induced arthritis group with RSV (25 mg/kg, i.p.) group.
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Fig. 2. Alleviation of inflammatory cytokines in adjuvant-induced arthritis following the treatment of resveratrol in mice. (A) TNF-a was
quantified in joint samples of mice in AIA treated and RSV (15 or 25 mg/kg, i.p.) groups. (B) IL-1B was quantified in joint samples of
mice in AIA treated and RSV (15 or 25 mg/kg, i.p.) groups. Values are the mean * standard error of the mean (SEM). *** P<0.001
when comparing antigen induced arthritis treated with the control group. * P<0.05 when comparing antigen-induced arthritis group
with RSV (25 mg/kg, i.p.) group.
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Fig. 3. Representative images of neutrophil extracellular traps. (A) Fluorescence microscopic images (magnification 200x) and
(B) quantification of NETs. (C) Scanning electron microscope images. Arrow indicate the NETs (n=3; with duplicate each time). Values
are the mean =+ standard error of the mean (SEM). ** P<0.01 when comparing antigen induced arthritis treated with the control group.
* P<0.05 when comparing antigen-induced arthritis group with RSV (25 mg/kg, i.p.) group.
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Fig. 4. Quantification of NET in joint samples after RSV treatment. (A) NE-DNA ELISA was used to quantify NET formation in the
plasma of mice treated with RSV (25 mg/kg, i.p.). (B) Quantitative analysis of NETs percentage release after treatment with
RSV (25 mg/kg. i.p.). Values are the mean + standard error of the mean (SEM). *** P<0.001 when comparing antigen induced arthritis
treated with the control group. *P<0.05 when comparing antigen-induced arthritis group with RSV (25 mg/kg, i.p.) group.



2024 Resveratrol Attenuates Rheumatoid Arthritis in C57BL/6 Mice 99

A ) Control AlA model RSV (25 mg/kg) B)
150
MPO ]
2 ]
] h
gwo—j iy
Q ]
.E ] —
X ]
2 503 T
DNA z
0- ITI 1 T
» N
(s)
&g v\V" c},.g
® &
Overlay QQ
&

Fig. 5. Quantification of NETSs in joint samples. (A) MPO-DNA ELISA was used to quantify NET formation in the plasma of mice treated
with RSV (25 mg/kg, i.p.). (B) Quantitative analysis of NETs percentage release after treatment with RSV (25 mg/kg. i.p.). Values are
the mean + standard error of the mean (SEM). *** P<0.001 when comparing antigen induced arthritis treated with the control group.
* P<0.05 when comparing antigen-induced arthritis group with RSV (25 mg/kg, i.p.) group.
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Fig. 6. Expression and nuclear localization of PAD4 and COX-2 in joint samples. (A) The mRNA levels of PAD4 in joint samples following
RSV treatment (25 mg/kg, i.p.). RT-gPCR analysis was performed with RNA isolated from the joint sample. (B) The mRNA levels of
COX-2 in joint samples. RT—qPCR analysis was performed with RNA isolated from the joint samples following treatment with RSV
(25 mg/kg, i.p.). Values are the mean + standard error of the mean (SEM). *** P<0.001 & ** P<0.01 when comparing antigen induced
arthritis treated with the control group. ** P<0.01 & * P<0.05 when comparing antigen-induced arthritis group with RSV (25 mg/kg,

i.p.) group.
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Fig. 7. Western blot analysis of gene expression of PAD4 and COX-2 in joint samples. (A) PAD4 expression levels in joint samples
following RSV treatment (25 mg/kg, i.p.). (B) COX-2 expression levels in joint samples. Values are the mean + standard error of the
mean (SEM). **P<0.01 when comparing antigen induced arthritis treated with the control group. * P<0.05 when comparing antigen-

induced arthritis group with RSV (25 mg/kg, i.p.) group.
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Fig. 8. Immuno-histochemical analysis of NF-kB p65 expression (magnification 400x) in synovial tissues of (A) normal group, adjuvant-
induced arthritis (AIA) group, resveratrol (RSV) (25 mg/kg i.p.). (B) Histopathological score representation. ***P<0.001 when
comparing antigen induced arthritis treated with the control group. ** P<0.01 when comparing antigen-induced arthritis group with RSV

(25 mg/kg, i.p.) group.

in the fight against infection. However, excessive
NET production may compromise cell function and cause
tissue damage. NETs are used for a number of

autoimmune diseases, including RA. NETs appear in

joint tissue lesions due to RA [25]. The release of
cytokines stimulates COX-2 expression. It was first
determined whether NETs could be induced in AIA mice

when mBSA was injected into their joints. Several
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characteristics of this model resemble those of
rheumatoid arthritis, including edema, histopathological
changes, increased pro-inflammatory cytokine

production, and joint hyperalgesia [26]. The AIA model
has been shown to increase NET production. There is
NET and PADI4,
an enzyme involved in NET release [27].

an association between levels
Recent studies have shown that resveratrol may
have health benefits in a variety of diseases, such as
obesity, diabetes, cardiovascular disease, inflammation of
the bowel, and cancer [28,29,30]. In fact, numerous
studies have shown that resveratrol directly affects
lymphocytes, macrophages, and neutrophils, which play
crucial roles in innate and adaptive immunity [31].
According to our study, resveratrol inhibited joint-
synovial neutrophil infiltration in AIA mice. Active
neutrophils release DN A-histone complexes and proteins
that form extracellular neutrophil traps, which serve as
key components of their innate immune response [32].
Neutrophil NET generation is downregulated by
resveratrol in patients with severe COVID-19, according
to a recent study [33]. According to our data, the
AIA mouse model also demonstrated the same result.
NET concentrations and joint edema were
reduced in AIA mice treated with RSV (25 mg/kg, i.p.).
RSV (25 mg/kg, i.p.) not only inhibits PADI4, but also
inhibits NETs through DNase degradation, leading to
NETs NET-associated
hyperalgesia, synovitis, and joint edema, which have

degrading themselves.
been reported in association migration of neutrophils,
were reduced in AIA mice after RSV treatment. The
animals also showed reductions in joint hyperalgesia,
edema, and synovitis events. In summary, our results add
to our understanding of the mechanisms underlying the
antiarthritogenic and anti-hyperalgesic effects of RSV on
migratory neutrophils in AIA, triggered by the release of
NET. There was a significant reduction in the decrease in
the nociceptive threshold in the mice treated with RSV
(mechanical hyperalgesia) induced by joint challenge,
confirming that joint hyperalgesia can be effectively
mediated by NET and, therefore, are effective at reducing
pain during joint stimulation. Furthermore, we found that
PADI-4 inhibitors reduced joint inflammation in arthritis
animals, corroborated our findings that NET production
was also elevated in the collagen-induced arthritis model
and that NET production was also elevated in the
collagen-induced arthritis mouse model [9].

The main cause of the production of eicosanoids
during inflammation is the activation of COX [34]. There

is no doubt that PGE2 is one of the most important
players in sensitizing neurons with high levels of
sensitivity among eicosanoids [5]. COX inhibitors have
been shown to be clinically effective in the treatment of
inflammatory hyperalgesia as a result of their ability to
inhibit COX. Several
COX-2 activation is an outcome of cytokines that are

studies have revealed that
released during inflammation, including inflamed joints,
and which are connected with COX-2 induction [35]. Our
research was motivated by the possibility that NET could
cause joint hyperalgesia through the mechanisms
described above. First, we demonstrate that NETs induce
TNF-0 and IL-1B, which mediate joint hyperalgesia.
A consistent finding was that AIA animals treated with
RSV (25 mg/kg, 1i.p.) had

indicating that these cytokines may be involved in the

reduced hyperalgesia,

cause of hyperalgesia, as shown by the decreased pain
thresholds in these animals. The results of our study also
confirmed that RSV treatment of mice reduced COX-2
expression in the joints, confirming that COX-2 is
involved in NET-induced hyperalgesia, and therefore
inhibiting NET-induced joint
studies have reported that RSV is capable of inhibiting

hyperalgesia. Several

cellular infiltration, synovial hyperplasia, and cartilage
[36].
it was previously that RSV inhibits

erosion when injected into the synovium
Furthermore,
neutrophil infiltration of neutrophils by downregulating
the expression of chemokines [37].

Therefore, NETs are released from the nucleus,
which then allows the enzymes elastase and MPO to
move into the nucleus and facilitate the decondensation
of chromatin by releasing them from the nucleus.
A granular or cytosolic protein is present in the cytosol,
which allows DNA to be transported to the cytosol,
where it mixes with other proteins in the cytosol [11].
This study also showed similar results, where NETs were
released in AIA models with increased neutrophil elastase
as MPO-DNA complexes,

existence of NETs. Interestingly, RSV can significantly

as well suggesting the
inhibit these results when administered intraperitoneally
at a dose of 25 mg/kg. There are also other antioxidant
flavonoids that inhibit NET release. There are several
compounds that inhibit the formation of NETs, including
epicatechin, catechin hydrate, and rutin trihydrate [38].
Several studies have shown that quercetin and luteolin
can prevent the formation of NETs in patients with
[39]. Despite the fact that
microbicidal structures were originally described as

malignant oral disease

NETs, an increasing number of studies have shown that
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NETs are caused by adverse effects on a variety of tissues
in addition to microbicidal effects. A study by Jorgech
and Kubes in 2017 shows that NETs will exacerbate
inflammatory processes in rheumatoid arthritis, chronic
lupus erythematosus, diabetes, cancer, and thrombosis
[11]. Therefore, to treat diseases exacerbated by NETs, it
is imperative to seek alternatives to traditional therapeutic
treatments. There is strong evidence from our study and
from other studies, that resveratrol is highly effective at
inhibiting NET release and the microbicidal enzymes
they produce.

NF-«xB
transcription to counteract pro-inflammatory conditions

Furthermore, regulates  cytokine
[40]. As revealed in the current study, arthritis induction
increased serum levels of TNF-a and IL-1p and increased
expression of NF-kB p65. As a result of RSV treatment,
there was a decrease in estimated levels of proinflam-
matory cytokines and NF-kB p65 expression. According
to the study published by Lu ef al., similar results were
It has shown that RSV
inflammation in arthritis-suffering rats by decreasing
[41].
Furthermore, previous in vitro studies have shown that

reported. been reduces

serum levels of pro-inflammatory cytokines
RSV suppresses NF-kB signaling by synovial fibroblasts
as well as articular chondrocytes in articular cartilage
[42]. Despite this, after RSV administration, plasma
levels of TNF-a and IL-1$ returned to normal.
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found that the normalized effect was due to the anti-
inflammatory effects of RSV.

Conclusions

As a result of our findings, we report for the first
time that, in the AIA arthritis model, NETSs released from
joints are found to be responsible for inducing the release
of TNF-a and IL-1, possibly through toll-like receptors,
concluding that the release from joints causes the release
of TNF-a and IL-1B. Subsequently, these cytokines cause
an increase in the expression of COX-2, which
contributes to hyperalgesia as a result. Therefore, it is
possible to consider inhibition of NET production of
NETs in analgesic therapies for inflammatory pain. The
results of these experiments clearly demonstrate that RSV
administration significantly alleviates joint damage, since
this was evident from the joint volume decrement,
histopathological and immunohistochemical exami-
nations, and enhanced inflammatory and NET biomar-

kers, as well as the decrease in the joint volume.
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