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ABSTRACT:  

Background: Neutrophil extracellular trap (NET) formation — NETosis — plays a 

central role in rheumatoid arthritis (RA) pathogenesis by generating citrullinated 

autoantigens that drive autoimmunity and perpetuating synovial inflammation through 

pro-inflammatory cytokine release. Despite growing evidence, integrated therapeutic 

targeting of the NET-cytokine-autoantibody axis remains incompletely explored. 

Objectives: This study investigated NETosis-associated biomarkers and inflammatory 

mediators in a collagen-induced arthritis (CIA) mouse model and evaluated the 

therapeutic efficacy of three mechanistically distinct agents: Myricetin (natural flavonol; 

MPO and PADI4 inhibitor), RL6 (1,8-Naphthalimide; MPO inhibitor), and CI-Amidine 

(selective PAD4 inhibitor). 

Methods: One hundred and eighty male albino mice were allocated into six groups (n=30 

per group): negative control (G1), CIA-induced (G2), CIA untreated chronic (G3), CIA 

+ Myricetin (G4), CIA + RL6 (G5), and CIA + CI-Amidine (G6). Seven biomarkers were 

quantified by ELISA: MPO-DNA, NE-DNA, IL-6, IL-1β, TNF-α, Cit H3-NE, and 

ACPA. NET formation was confirmed by fluorescence microscopy. One-way ANOVA 

with Games-Howell post-hoc test was applied. 

Results: CIA induction produced dramatic elevations across all biomarkers, with Cit H3-

NE showing the most striking increase (23.96-fold above control; P<0.0001). Progressive 

ACPA elevation from G2 (74.57±19.60 ng/mL) to G3 (81.87±6.17 ng/mL) 

demonstrated the self-amplifying autoimmune loop. All three therapeutic agents 

completely normalized Cit H3-NE to control levels. Myricetin demonstrated superior 

cytokine suppression (88.4% TNF-α reduction). Pearson correlation revealed the 

strongest IL-6–ACPA association in chronic CIA (r=0.74, P<0.001). 

Conclusion: This study provides comprehensive evidence that NETosis drives RA 

pathogenesis through an integrated NET-cytokine-autoantibody axis. Myricetin, RL6, and 

CI-Amidine demonstrated significant anti-NETotic efficacy through distinct but 

convergent mechanisms, positioning NETosis as a viable multi-target therapeutic strategy 

in RA. 
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1. INTRODUCTION 

Rheumatoid arthritis (RA) is a persistent autoimmune inflammatory disorder that predominantly affects the synovial joints, 

causing symmetrical inflammation presenting as morning stiffness lasting more than one hour, pain, swelling, deformity, and 

progressive loss of mobility. The primary pathological site in RA is the synovial tissue, which undergoes hyperplastic 

transformation into a pathologically invasive tissue called pannus, consisting of activated immune cells and fibroblast-like 

synoviocytes (FLSs) capable of invading adjacent cartilage and bone, resulting in chronic and irreversible joint destruction 

(McInnes & Schett, 2011; Smolen et al., 2016; Coutant & Miossec, 2020). The processes involved in RA development are 

multifactorial, encompassing genetic predisposition linked to HLA-DRB1 shared epitope alleles, environmental triggers 

including tobacco smoke and viral/bacterial infections, and dysregulation of both innate and adaptive immune systems (Kurko 

et al., 2013; Makrygiannakis et al., 2008; Chen et al., 2013; Sparks, 2019). 

A hallmark of RA pathogenesis is the generation of anti-citrullinated protein antibodies (ACPAs), which are highly specific for 

RA and detectable years before clinical onset. ACPAs arise through citrullination — the post-translational conversion of 

peptidyl arginine to citrulline via peptidyl arginine deiminase (PAD) enzymes — generating neoantigens that trigger autoimmune 

responses (Nielen et al., 2004; Liu et al., 2022; van Delft & Huizinga, 2020; Spengler et al., 2015). Pro-inflammatory cytokines, 

particularly TNF-α, IL-6, and IL-1β, drive synovial inflammation, osteoclast differentiation, and cartilage degeneration in a self-

sustaining inflammatory loop (McInnes & Schett, 2011; Smolen et al., 2016; Wright et al., 2020).Neutrophils represent the most 

abundant leukocytes in the synovial fluid of RA patients and have emerged as critical drivers of disease pathogenesis. In RA, 

neutrophils are characterized by delayed apoptosis, increased ROS production, and enhanced release of myeloperoxidase 

(MPO) and neutrophil elastase (NE) (Wright et al., 2014; O’Neil & Kaplan, 2019; Denny et al., 2010). A particularly pro-

inflammatory subset, low-density neutrophils (LDNs), generates neutrophil extracellular traps (NETs) to a greater extent than 

conventional neutrophils, with their abundance correlating with disease severity (Wright et al., 2017). NETs are extracellular 

structures produced when neutrophils undergo NETosis, expelling decondensed chromatin decorated with MPO, NE, and 

citrullinated histone H3 (CitH3) into the extracellular space (Brinkmann et al., 2004; Papayannopoulos, 2018). NETosis occurs 

via suicidal NETosis (NADPH oxidase-dependent) and vital NETosis (without cell death) (Thiam et al., 2020; Metzler et al., 

2011). 

In RA, NETs serve as a critical source of citrullinated autoantigens — including modified histones and vimentin — stimulating 

ACPA production and perpetuating autoimmune responses (Khandpur et al., 2013; Corsiero et al., 2016; Chowdhury et al., 

2014; Wang et al., 2018). NET components activate macrophages, dendritic cells, and T cells, driving TNF-α, IL-6, and IL-1β 

production, creating an intrinsic feedback loop perpetuating chronic synovial destruction (Carmona-Rivera et al., 2017; 

Chatfield et al., 2022; Apel et al., 2023). 

Three mechanistically distinct anti-NETotic agents were investigated: CI-Amidine, a selective PAD4 inhibitor preventing 

histone citrullination and NET formation (Fousert et al., 2020; Zhao et al., 2021); RL6 (1,8-Naphthalimide), an MPO inhibitor 

suppressing oxidative burst-driven NET release (Wang et al., 2023); and Myricetin, a natural flavonol that inhibits NETosis 

through direct binding to both MPO and PADI4, preventing their nuclear translocation and reducing CitH3 expression (Shu 

et al., 2024; Lee & Choi, 2010; Jose et al., 2024). This study aimed to comprehensively investigate the NET-cytokine-

autoantibody axis in CIA and evaluate the integrated therapeutic efficacy of these three agents. 

2. MATERIALS AND METHODS 

2.1 Ethical Approval 

All experimental procedures were conducted in strict accordance with institutional animal ethics guidelines. All efforts were 

made to minimize animal suffering, in compliance with the 3Rs principles (Replacement, Reduction, and Refinement). 

2.2 Experimental Animals 

One hundred and eighty male albino mice, aged 8–10 weeks and weighing 25–40 g, were obtained from a certified animal facility 

and housed under standardized conditions: 12-hour light/dark cycle, temperature 22 ± 2°C, humidity 55 ± 5%, ad libitum food 

and water. Animals were acclimatized for one week prior to experiments. 

2.3 Experimental Groups 

Animals were randomly allocated into six groups (n=30 per group): 
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Table 1. Experimental groups and treatment protocols. 

Group Designation n Description 

G1 Negative Control 30 Healthy albino mice; no CIA induction. Baseline reference for all 

biomarkers. 

G2 RA-Induced (CIA) 30 CIA-induced mice sacrificed at day 28 (peak acute inflammation phase). 

G3 RA Untreated (+) 30 CIA-induced mice with no treatment; sacrificed at day 49 (chronic 

disease phase). 

G4 RA + Myricetin 30 CIA mice treated with Myricetin (MPO + PADI4 inhibitor) from day 

28–49. 

G5 RA + RL6 30 CIA mice treated with RL6 / 1,8-Naphthalimide (MPO inhibitor) from 

day 28–49. 

G6 RA + CI-Amidine 30 CIA mice treated with CI-Amidine (selective PAD4 inhibitor) from day 

28–49. 

Note: CIA: Collagen-Induced Arthritis; PAD4: Peptidyl Arginine Deiminase 4; MPO: Myeloperoxidase. 

2.4 CIA Induction Protocol 

Collagen-induced arthritis was established using a two-component simultaneous injection protocol. On Day 0, each mouse 

received: (1) an intra-articular injection of 10 µL of type II collagen (CII) solution (dissolved in 0.1 M acetic acid at 2 mg/mL) 

directly into the right knee joint using a 29-gauge needle under brief isoflurane anesthesia; and (2) a subcutaneous injection of 

100 µL of complete Freund’s adjuvant (CFA) supplemented with Mycobacterium tuberculosis H37Ra (4 mg/mL) at the base 

of the tail to stimulate systemic immune activation. A booster dose was administered on Day 14 following the identical protocol 

(10 µL intra-articular CII + 100 µL subcutaneous CFA). Disease severity was monitored using a standardized arthritis scoring 

system (0–4 per paw, maximum 16) every three days from Day 7 onwards. 

2.5 Therapeutic Agents 

Myricetin (≥98% purity; Sigma-Aldrich) was administered orally at 5 mg/kg/day dissolved in 0.5% carboxymethylcellulose. 

RL6 (1,8-Naphthalimide; ≥97% purity; Sigma-Aldrich) was administered intraperitoneally at the established therapeutic dose. 

CI-Amidine (≥98% purity; Cayman Chemical) was administered intraperitoneally at 10 mg/kg three times weekly, consistent 

with published PAD4 inhibitor protocols (Fousert et al., 2020; Zhao et al., 2021). All treatments were administered from day 

28 to day 49. 

2.6 Sample Collection 

Animals were anesthetized with ketamine/xylazine (80/10 mg/kg) at sacrifice. Blood was collected via cardiac puncture, 

allowed to clot at room temperature, and serum separated by centrifugation (3,000 rpm, 15 minutes, 4°C). Samples were stored 

at −80°C until analysis. 

2.7 ELISA Quantification 

Table 2. Commercial ELISA kits used for biomarker quantification. 

Biomarker Kit Name Manufacturer Cat. No. 

MPO-DNA Complex Mouse MPO-DNA ELISA 

Kit 

SinoGeneclon Co., Ltd SG-35905 

NE-DNA Complex Mouse NE-DNA ELISA Kit SinoGeneclon Co., Ltd SG-35904 

IL-6 Mouse IL-6 ELISA Kit FineTest/Roedemesis RDEEM0121 
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IL-1β Mouse IL-1β ELISA Kit FineTest/Roedemesis RDEEM0109 

TNF-α Mouse TNF-α ELISA Kit FineTest/Roedemesis RDEEM0183 

Cit H3-NE Mouse H3cit-NE ELISA Kit Roedemesis Medical Supply RDEEM2516 

ACPA Mouse ACPA ELISA Kit ELK Biotechnology ELK0589 

Note: All ELISA kits were used according to manufacturers’ protocols. Optical density measured at 450 nm. All samples run in duplicate. 

2.8 Fluorescence Microscopy 

Detection of neutrophil extracellular traps (NETs) in synovial fluid was performed using a direct visualization protocol. Synovial 

fluid was collected from the right knee joint of experimental animals at the designated sacrifice time points by intra-articular 

lavage using normal saline (0.9% NaCl). Briefly, a small volume of normal saline was injected into the right knee joint cavity 

using a sterile syringe, followed by gentle aspiration of the lavage fluid. A small volume of the collected synovial lavage fluid 

was placed directly onto clean glass slides and allowed to settle for 5 minutes at room temperature. Slides were then stained 

with SYTOX Green nucleic acid stain (500 nM; Thermo Fisher Scientific) for 15 minutes at room temperature, protected from 

light. NET formation was examined directly by fluorescence microscopy at 488 nm excitation wavelength. The extent of NET 

formation was assessed by quantifying the percentage of cells displaying characteristic NET structures — extracellular web-like 

DNA morphology — across five random microscopic fields per sample." 

2.9 Statistical Analysis 

All analyses were performed using IBM SPSS Statistics, Version 26. Differences among groups were assessed by one-way 

ANOVA followed by Games-Howell post-hoc test (does not assume variance homogeneity). Pearson correlation coefficient 

(r) evaluated inter-biomarker relationships within each group. P < 0.05 was considered statistically significant. Results expressed 

as Mean ± SD with superscript letters (a–f) indicating statistically distinct groups. 

3. RESULTS 

3.1 Clinical Observations 

G1 (Negative Control) mice displayed normal posture, symmetrical limb morphology, and no arthritic signs throughout the 

experimental period (Figure 1A). G2 (RA-Induced) mice developed visible polyarthritis by day 14–21, including marked paw 

swelling, erythema, digital deformity, and loss of normal limb posture (Figure 1B), confirming successful CIA establishment. 

 

Figure 1. Representative photographs of experimental animals. (A) Healthy albino mouse from G1 (Negative Control) 

showing normal posture and no arthritic signs 
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Figure 2. Representative photographs of experimental animals. (B) CIA-induced mouse from G2 (RA-Induced) 

demonstrating marked polyarthritis: paw swelling, erythema, and digital deformity confirming successful CIA induction. 

3.2 Serum MPO-DNA Complex Levels 

MPO-DNA levels demonstrated highly significant inter-group differences (one-way ANOVA, P<0.0001). G2 recorded the 

highest concentration (373.32±59.23 ng/mL), a 21.3-fold elevation above G1 (17.50±3.75 ng/mL). G3 remained markedly 

elevated (227.58±54.64 ng/mL). Among treatment groups, G4 achieved the greatest reduction (43.87±7.84 ng/mL, letter d). 

G5 and G6 showed statistically equivalent reductions (59.18±9.13 and 57.47±10.34 ng/mL, both letter c). 

Table 3. Serum MPO-DNA Complex (ng/mL) levels among the experimental groups. 

Group Mean ± SD (ng/mL) Significance P-value 

G1: Negative Control 17.50±3.75 f  

 

 

<0.0001*** 

G2: RA-Induced (CIA) 373.32±59.23 a 

G3: RA Untreated (+) 227.58±54.64 b 

G4: RA + Myricetin 43.87±7.84 d 

G5: RA + RL6 59.18±9.13 c 

G6: RA + CI-Amidine 57.47±10.34 c 

Note: Values are Mean ± SD (n=30 per group). Superscript letters (a–f) indicate statistically distinct groups by one-way ANOVA followed by 

Games-Howell post-hoc test (P<0.0001). Groups sharing the same letter are not significantly different. 

3.3 Serum NE-DNA Complex Levels 

G2 exhibited the highest NE-DNA (145.60±19.71 ng/mL), a 16.7-fold elevation above G1 (8.70±2.45 ng/mL). G3 remained 

elevated (73.89±10.86 ng/mL). G6 achieved the greatest reduction (53.40±9.97 ng/mL, letter d), G4 showed comparable 

efficacy (55.14±9.57 ng/mL, letter cd), and G5 demonstrated intermediate reduction (66.89±20.52 ng/mL, letter bc). 

Table 4. Serum NE-DNA Complex (ng/mL) levels among the experimental groups. 

Group Mean ± SD (ng/mL) Significance P-value 

G1: Negative Control 8.70±2.45 e  

 G2: RA-Induced (CIA) 145.60±19.71 a 
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G3: RA Untreated (+) 73.89±10.86 b <0.0001*** 

 G4: RA + Myricetin 55.14±9.57 cd 

G5: RA + RL6 66.89±20.52 bc 

G6: RA + CI-Amidine 53.40±9.97 d 

Note: Values are Mean ± SD (n=30 per group). Superscript letters (a–f) indicate statistically distinct groups by one-way ANOVA followed by 

Games-Howell post-hoc test (P<0.0001). Groups sharing the same letter are not significantly different. 

 

Figure 3. Serum NE-DNA Complex levels (ng/mL) among experimental groups. Values are Mean ± SD (n=30 per group). 

P<0.0001***. 

3.4 Serum IL-6 Levels 

G3 (79.12±7.88 pg/mL) marginally exceeded G2 (74.04±14.85 pg/mL), both sharing letter a, reflecting the self-amplifying IL-

6 loop in chronic CIA. G4 achieved the greatest reduction (36.70±3.71 pg/mL, letter e — 53.6% vs G3). G6 reduced IL-6 to 

45.96±5.33 pg/mL (letter d). G5 showed 57.91±16.01 pg/mL (letter c). 

Table 5. Serum IL-6 (pg/mL) levels among the experimental groups. 

Group Mean ± SD (pg/mL) Significance P-value 

G1: Negative Control 1.97±0.45 f  

 

 

<0.0001*** 

G2: RA-Induced (CIA) 74.04±14.85 a 

G3: RA Untreated (+) 79.12±7.88 a 

G4: RA + Myricetin 36.70±3.71 e 

G5: RA + RL6 57.91±16.01 c 

G6: RA + CI-Amidine 45.96±5.33 d 

Note: Values are Mean ± SD (n=30 per group). Superscript letters (a–f) indicate statistically distinct groups by one-way ANOVA followed by 

Games-Howell post-hoc test (P<0.0001). Groups sharing the same letter are not significantly different. 
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Figure 4. Serum IL-6 levels (pg/mL) among experimental groups. Values are Mean ± SD (n=30 per group). P<0.0001***. 

3.5 Serum IL-1β Levels 

G2 (84.58±27.12 pg/mL) and G3 (84.15±14.08 pg/mL) showed equivalent IL-1β elevation (letter a), confirming sustained 

NLRP3 inflammasome activation. G5 demonstrated the least suppression (75.82±11.65 pg/mL, letter ab). G6 (53.20±9.90, 

letter cd) and G4 (59.00±8.92, letter c) achieved greater suppression. 

Table 6. Serum IL-1β (pg/mL) levels among the experimental groups. 

Group Mean ± SD (pg/mL) Significance P-value 

G1: Negative Control 29.45±8.13 e 

<0.0001*** 

 

 

 

 

G2: RA-Induced (CIA) 84.58±27.12 a 

G3: RA Untreated (+) 84.15±14.08 a 

G4: RA + Myricetin 59.00±8.92 c 

G5: RA + RL6 75.82±11.65 ab 

G6: RA + CI-Amidine 53.20±9.90 cd 

Note: Values are Mean ± SD (n=30 per group). Superscript letters (a–f) indicate statistically distinct groups by one-way ANOVA followed by 

Games-Howell post-hoc test (P<0.0001). Groups sharing the same letter are not significantly different. 

 

Figure 5. Serum IL-1β levels (pg/mL) among experimental groups. Values are Mean ± SD (n=30 per group). P<0.0001***. 
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3.6 Serum TNF-α Levels 

G2 (225.19±13.51 pg/mL) and G3 (217.99±13.99 pg/mL) were statistically equivalent (letter a). G4 achieved a remarkable 

88.4% TNF-α reduction (26.11±5.66 pg/mL, letter d), approaching control levels. G5 and G6 showed equivalent reductions 

(64.71±15.87 and 64.58±14.16 pg/mL, letter c). 

Table 7. Serum TNF-α (pg/mL) levels among the experimental groups. 

Group Mean ± SD (pg/mL) Significance P-value 

G1: Negative Control 6.99±3.46 e <0.0001*** 

G2: RA-Induced (CIA) 225.19±13.51 a  

G3: RA Untreated (+) 217.99±13.99 a  

G4: RA + Myricetin 26.11±5.66 d  

G5: RA + RL6 64.71±15.87 c  

G6: RA + CI-Amidine 64.58±14.16 c  

Note: Values are Mean ± SD (n=30 per group). Superscript letters (a–f) indicate statistically distinct groups by one-way ANOVA followed by 

Games-Howell post-hoc test (P<0.0001). Groups sharing the same letter are not significantly different. 

 

Figure 6. Serum TNF-α levels (pg/mL) among experimental groups. Values are Mean ± SD (n=30 per group). P<0.0001***. 

3.7 Serum Cit H3-NE Complex Levels 

G2 recorded the highest Cit H3-NE (26.84±8.80 ng/mL), a 23.96-fold elevation above G1 (1.12±0.54 ng/mL). G3 remained 

elevated (21.54±2.32 ng/mL, letter b). The most critical finding: all three treatment groups completely normalized Cit H3-NE 

to control levels (letter c): G4=1.07±0.67, G5=1.85±0.70, G6=1.17±0.54 ng/mL, constituting the strongest evidence of 

NETosis abolition in this study. 

Table 8. Serum Cit H3-NE Complex (ng/mL) levels among the experimental groups. 

Group Mean ± SD (ng/mL) Significance P-value 

G1: Negative Control 1.12±0.54 c 

<0.0001*** 

 

G2: RA-Induced (CIA) 26.84±8.80 a 

G3: RA Untreated (+) 21.54±2.32 b 

G4: RA + Myricetin 1.07±0.67 c 

G5: RA + RL6 1.85±0.70 c 

G6: RA + CI-Amidine 1.17±0.54 c 
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Note: Values are Mean ± SD (n=30 per group). Superscript letters (a–f) indicate statistically distinct groups by one-way ANOVA followed by 

Games-Howell post-hoc test (P<0.0001). Groups sharing the same letter are not significantly different. 

 

Figure 7. Serum Cit H3-NE Complex levels (ng/mL) among experimental groups. Values are Mean ± SD (n=30 per group). 

P<0.0001***. 

3.8 Serum ACPA Levels 

G3 exhibited the highest ACPA (81.87±6.17 ng/mL, letter a), exceeding G2 (74.57±19.60 ng/mL, letter b), reflecting ACPA 

amplification in chronic CIA. G6 (40.52±7.64, letter c) and G4 (44.56±4.85, letter c) showed equivalent suppression reflecting 

their shared PAD4-inhibitory capacity. G5 demonstrated intermediate reduction (51.28±6.13 ng/mL, letter d). 

Table 9. Serum ACPA (ng/mL) levels among the experimental groups. 

Group Mean ± SD (ng/mL) Significance P-value 

G1: Negative Control 6.69±3.32 e 

<0.0001*** 

G2: RA-Induced (CIA) 74.57±19.60 b 

G3: RA Untreated (+) 81.87±6.17 a 

G4: RA + Myricetin 44.56±4.85 c 

G5: RA + RL6 51.28±6.13 d 

G6: RA + CI-Amidine 40.52±7.64 c 

Note: Values are Mean ± SD (n=30 per group). Superscript letters (a–f) indicate statistically distinct groups by one-way ANOVA followed by 

Games-Howell post-hoc test (P<0.0001). Groups sharing the same letter are not significantly different. 

 

Figure 8. Serum ACPA levels (ng/mL) among experimental groups. Values are Mean ± SD (n=30 per group). P<0.0001***. 
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3.9 Pearson Correlation Analysis 

In G1, no significant correlations were detected, confirming absence of inflammatory network activation under physiological 

conditions. In G2, a highly integrated network emerged, with the strongest associations between NE–Cit H3 (r=0.69, P<0.001), 

MPO–IL-6 (r=0.66, P<0.001), and Cit H3–ACPA (r=0.66, P<0.001). In G3, the strongest correlation in the entire study was 

IL-6–ACPA (r=0.74, P<0.001). In G4, the NE–Cit H3 correlation was attenuated to r=0.42 (P=0.021). In G5, retained MPO–

NE (r=0.53) and MPO–ACPA (r=0.51) correlations indicate persistent granule coupling. In G6, the strongest association was 

Cit H3–ACPA (r=0.59, P=0.001). 

 

Figure 9. Correlation heatmap — G1 (Negative Control). No significant correlations detected. Green=positive, 

red/yellow=negative. Values are Pearson r. *P<0.05, **P<0.01. 

 

Figure 10. Correlation heatmap — G2 (RA-Induced CIA). Dense positive network reflecting active NETosis. Strongest: 

NE–Cit H3 (r=0.69**), MPO–IL-6 (r=0.66**), Cit H3–ACPA (r=0.66**). 
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Figure 11. Correlation heatmap — G3 (RA Untreated). Expanded network with strongest study correlation IL-6–ACPA 

(r=0.74**), reflecting chronic autoimmune loop entrenchment. 

 

Figure 12. Correlation heatmap — G4 (RA + Myricetin). Substantially disrupted network. NE–Cit H3 attenuated to r=0.42*, 

consistent with dual MPO/PADI4 inhibition. 

 

Figure 13. Correlation heatmap — G5 (RA + RL6). Retained MPO–NE (r=0.53**) and NE–IL-6 (r=0.54**) reflecting 

selective MPO inhibition pattern. 
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Figure 14. Correlation heatmap — G6 (RA + CI-Amidine). Strongest: Cit H3–ACPA (r=0.59**), suggesting residual 

citrullinated antigen generation despite PAD4 inhibition. 

3.10 Fluorescence Microscopy Detection of NETs 

SYTOX Green fluorescence microscopy provided direct visual evidence of NETosis. G2 neutrophils demonstrated intense 

NET formation with dense extracellular DNA (Figure 15). G3 showed persistent scattered NET release (Figure 16). High-

magnification imaging revealed individual neutrophils with well-defined NET structures with extending fibers (Figure 17). 

Treatment groups (G4–G6) demonstrated markedly reduced fluorescence, confirming near-complete NETosis suppression 

(Figure 18). 

 

Figure 15. Synovial lavage fluid from G2 (RA-Induced CIA). Advanced NETosis showing dense extracellular chromatin 

release with characteristic web-like DNA structures, indicative of active neutrophil extracellular trap formation at peak CIA. 

SYTOX Green staining. 
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Figure 16. Synovial lavage fluid from treatment groups (G4–G6). Markedly reduced extracellular DNA release with minimal 

chromatin decondensation, confirming near-complete suppression of NETosis following therapeutic intervention with 

Myricetin, RL6, and CI-Amidine. SYTOX Green staining. Scale bar = 100 µm 

 

Figure 17. Synovial lavage fluid from G1 (Negative Control). Intact neutrophil with fully condensed chromatin and no 

extracellular DNA release, confirming the complete absence of NETosis under normal physiological conditions. SYTOX 

Green staining. 
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Figure 18. Synovial lavage fluid from G3 (RA Untreated). Moderate NETosis with scattered extracellular chromatin fibers 

and partially decondensed chromatin, reflecting persistent NET formation in the chronic CIA phase. SYTOX Green staining. 

Scale bar = 100 µm 

4. DISCUSSION 

The present study provides comprehensive integrated evidence that NETosis drives RA pathogenesis through a coordinated 

NET-cytokine-autoantibody axis. The 21.3-fold MPO-DNA and 16.7-fold NE-DNA elevations in CIA-induced mice confirm 

robust biochemical NETosis at peak disease. These findings align with Chen et al. (2024), who demonstrated that PAD4 

inhibition using GSK484 significantly reduced MPO, NE, and PAD4 expression in CIA paw tissue and attenuated arthritis 

severity. The mechanistic coupling of MPO-driven oxidative burst with NE-mediated chromatin decondensation, as reflected 

by the strong MPO–IL-6 (r=0.66) and NE–Cit H3 (r=0.69) correlations in G2, is consistent with the established NETosis 

cascade (Papayannopoulos, 2018; Metzler et al., 2011). 

The complete Cit H3-NE normalization across all treatment groups represents the most compelling finding of this study. Shu 

et al. (2024) demonstrated that Myricetin directly binds both MPO and PADI4 in neutrophils, preventing nuclear translocation 

and reducing CitH3 and chromatin decondensation. The equivalent normalization by RL6 (MPO inhibitor) indicates that 

oxidative burst-dependent ROS is an essential prerequisite for PAD4 activation, and that blocking ROS generation indirectly 

abolishes histone citrullination. The efficacy of CI-Amidine aligns with Kaplan et al. (2023), who demonstrated that selective 

PAD4 inhibition effectively prevents NETosis in CIA models without global immunosuppression. Recent computational 

analysis confirms that amidine-based inhibitors exhibit high PAD4 potency (Ahmed et al., 2025). 

Myricetin’s superior multi-cytokine profile — particularly the extraordinary 88.4% TNF-α reduction — extends beyond 

NETosis inhibition, reflecting additional MAPK inhibition in synoviocytes (Lee & Choi, 2010) and IL-21/IL-21R blockade 

suppressing T-follicular helper cell differentiation (Jose et al., 2024). The equivalent and sustained TNF-α and IL-6 elevation in 

both G2 and G3 confirms the self-perpetuating NET-cytokine loop, directly supported by Hashizume et al. (2021), who 

demonstrated that IL-6 enhances neutrophil NETosis and that IL-6R blockade suppresses arthritis with decreased NETosis in 

joints. The strong MPO–IL-6 correlation in G2 (r=0.66) provides quantitative in vivo evidence of this loop. 

The equivalent IL-1β elevation in G2 and G3 and the limited RL6 efficacy (letter ab) versus greater Myricetin and CI-Amidine 

suppression reveal that NLRP3 inflammasome activation is more directly linked to citrullinated antigen load than MPO-driven 

oxidative stress, consistent with the overexpression of PAD2 and PAD4 in RA synovial joints as potent NLRP3 activators 

(Unveiling Novel Drug Targets, 2024). The progressive ACPA amplification from G2 to G3 provides in vivo evidence for the 

self-amplifying loop described by Lu et al. (2021): ACPA-containing IgG stimulates neutrophils to form NETs in a 

concentration-dependent manner, with NET-derived products upregulating IL-6 in FLSs. The strongest study-wide IL-6–
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ACPA correlation in G3 (r=0.74) quantitatively corroborates this mechanism, recently confirmed by Fernández-Salgado et al. 

(2025). 

The progressive dismantling of the correlation network from G2 through treatment groups represents a novel 

pharmacodynamic contribution. The NE–Cit H3 correlation attenuation from r=0.69 (G2) to r=0.42 (G4) quantitatively 

demonstrates that dual MPO/PADI4 inhibition decouples NE-chromatin processing from histone citrullination in vivo. The 

retained Cit H3–ACPA correlation in G6 (r=0.59) despite significant ACPA reduction indicates that residual citrullinated 

antigen generation under PAD4 inhibition continues driving autoantibody production, suggesting potential benefit of 

combination therapy targeting multiple NETosis nodes simultaneously. Fluorescence microscopy provided direct visual 

validation of the biochemical findings, with near-complete NET suppression in treatment groups corroborating Cit H3-NE 

normalization data (Brinkmann et al., 2004; Khandpur et al., 2013). 

Several limitations merit acknowledgment. The use of albino mice rather than inbred strains may introduce immune response 

variability. Synovial fluid analysis and joint tissue immunohistochemistry are needed to confirm local NETosis suppression. 

RL6 pharmacokinetic optimization is required for clinical translation. Future studies should prioritize combination anti-

NETotic regimens, particularly Myricetin combined with CI-Amidine, which based on our mechanistic data may provide 

synergistic suppression of the NET-cytokine-autoantibody axis. 

5. CONCLUSION 

This study provides the first comprehensive integrated characterization of the NETosis biomarker landscape in CIA, 

simultaneously quantifying seven molecular markers across six experimental groups. Five principal conclusions are drawn: (1) 

CIA produces dramatic, statistically significant elevations across all biomarkers, with Cit H3-NE showing the most striking 

increase (23.96-fold), establishing PAD4-mediated histone citrullination as the central molecular event in CIA-associated 

NETosis; (2) the complete Cit H3-NE normalization across all three treatment groups constitutes the most definitive evidence 

that NETosis can be effectively abolished through targeted pharmacological intervention; (3) Myricetin demonstrated superior 

overall efficacy through dual MPO/PADI4 inhibition combined with pleiotropic anti-inflammatory effects; (4) Pearson 

correlation network analysis revealed progressive dismantling of the inflammatory biomarker network with treatment, providing 

novel pharmacodynamic biomarkers for anti-NETotic therapy monitoring; and (5) fluorescence microscopy provided direct 

morphological validation of NETosis abolition. Collectively, these findings establish NETosis as a viable multi-target 

therapeutic strategy in RA, with Myricetin emerging as a particularly promising candidate for further clinical evaluation. 
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