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Background: Bone dysfunction is a crucial problem that occurs during rheumatoid arthritis (RA) disease. Osteoclast plays 
a significant role in bone resorption and osteoclast differentiation and its enhancement of bone destruction. Edaravone remarkably 
exhibited free radical scavenging and anti-inflammatory effects. The objective of the current investigation is to comfort the inhibitory 
effect of Edaravone (ED) against complete Freund adjuvant (CFA) rat model via inhibition of angiogenesis and inflammation.
Methods: Subcutaneous injection of CFA (1%) was used to induce arthritis; the rats were divided into different groups and received 
the oral administration of ED. Paw edema, body weight, and arthritis score were regularly estimated. Biochemical parameters were 
estimated, respectively. We also estimate the level of hypoxia-inducible factor-1α (HIF-1α), angiopoietin 1 (ANG-1), and vascular 
endothelial growth factor (VEGF). We also checked into how ED affected the differentiation of osteoclasts utilising a co-culture 
system with monocytes and synovial fibroblasts in arthritis rats.
Results: ED treatment significantly (P<0.001) suppressed the arthritis score and paw edema and improved the body weight. ED 
treatment significantly (P<0.001) altered the antioxidant parameters and pro-inflammatory cytokines: inflammatory mediator nuclear 
kappa B factor (NF-κB), cyclooxygenase-2 (COX-2), and prostaglandin E2 (PGE2), respectively. Furthermore, ED treatment sig
nificantly (P<0.001) suppressed the level of ANG-1, HIF-1α, and VEGF, respectively. The results suggest that ED suppressed 
osteoclast differentiation and also decreased the level of cytokines and osteopontin (OPN), receptor activator for nuclear factor-κ 
B Ligand (RANKL) and macrophage colony stimulating factor (M-CSF) in the co-culture supernatant of monocytes and synovial 
fibroblasts.
Conclusion: Edaravone could mitigate CFA via inhibiting angiogenesis and inflammatory reactions, which may be linked with the 
HIF-1α–VEGF–ANG-1 axis and also enhance the bone destruction of murine arthritis via suppression of osteoclast differentiation and 
inflammatory reaction.
Keywords: Edaravone, oxidative stress, arthritis, inflammation, angiogenesis, osteoclast differentiation

Introduction
Persistent autoimmune joint disorder known as RA disease is associated with a remarkable increase in inflammatory cells in the 
synovial tissue of joints, chronic proliferative synovitis, obesity, osteoporosis, cardiovascular risk and causes high death rate.1–4 

RA affects 0.5% to 1% of the global population.5,6 RA having unidentified etiology by the presence of hyperplastic synovial 
membrane, which is known as pannus. The pannus is capable of destroying the bone and adjacent articular cartilage RA 
characterized via synovial membrane, bone destruction, inflammation, autoantibody production, and swelling cartilage 
destruction.5,7 Systemic complications, injury, early death, and social cost are also associated with RA. According to previous 
studies, RA primarily affects middle-aged women (50–60 years).5,7,8 According to studies, females are more affected by RA in 
comparison to males. Clinical studies have shown that RA affects the foot and hand joints, inducing constant painful swelling, 
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atypical synovium widening, pannus formation, exaggeration, and changes in joint morphology.9,10 While the exact cause of 
arthritis is unknown, previous literature indicates that inflammatory reaction and immune cell play a critical part in the spread of 
RA.5,7

Symptoms of early stages of arthritis such as heat, swelling, and diminished joint discomfort and function; later stages 
include varied degrees of joint stiffness and deformity that go hand-to-hand with bone loss and enhance the chance of 
disability.6,11,12 Inflammation is natural reaction to damage the stimuli like infections.13,14 During the RA state, inflammation 
has a positive effect that deactivates a number of dangerous microorganisms, starting with the release of signalling 
molecules.8,15 Macrophages play a crucial role in the defense against the attack of invasive species like bacteria, viruses, 
and fungus.16 The synthesis of numerous signalling molecules and inflammatory-related cytokines such as interferon-γ (INF- 
γ), IL-6, Il-1β, TNF-α, and inflammatory mediators include COX-2, PGE2, and NF-κB are initiated in response to an 
invading agent’s attack.17 The alteration in the production of cytokines and inflammatory mediators induces various diseases 
like cancer, arthritis, diabetes, and cardiovascular and obesity diseases. Few clinical reports suggest that inflammatory cells 
are commonly observed in the infected area of RA patients.18 IL-6, promote the conversion of native CD4+ cells into T-helper 
lymphocytes by upregulating the intracellular expression of the transcription activator STAT-3 and the signal transducer. By 
stimulating immune cells and synovial fibroblasts, they further increasing the NF-κB expression, IL-17 plays a crucial role in 
the progression of RA disease.19,20 IL-17 induces the oxidative stress via synthesis of reactive oxygen species (ROS). IL-17 
and VEGF, work together to trigger the expression of VEGF. The importance of VEGF in extending the inflammatory 
response and promoting the onset of chronic arthritis is well documented.21

The expansion of new capillaries from pre-existing ones is known as angiogenesis and it is essential in the 
development of RA. The majority of angiogenesis research has focused on VEGF, ANG-1, and HIF-1α, they regulate 
hypoxia-driven angiogenesis.21,22 During RA condition, start the deposition of HIF-1 into the inflamed synovium region 
and start the production of VEGF, which with the aid of ANG (ANG-1 and 2) enhances the migration and proliferation of 
endothelial cells (ECs). ANG-1 is responsible for vessel maturation during angiogenesis and ANG-2 (a natural antagonist 
of ANG-1) enhances the activity of ANG-1, which may be referred to as the HIF-1-VEGF-ANG-1 axis.21–23 

Furthermore, the degree of the inflammatory reaction, as well as the expansion of joint damage in rheumatoid synovium, 
depend on the growth of new vasculature. As a result, the role of ANG-1, HIF-1, and VEGF is more important, and 
angiogenesis suppression may be a useful therapy for treating RA disease.21

Osteoblasts and osteocytes regulate bone formation.24 The multinucleated osteoclast acts on somatic cells to 
demonstrate the potential effect to resorb the bone.24,25 Previous reports suggest that osteoclastic bone resorption and 
bone formation regulate bone remodeling.26,27 M-CSF and RANKL are both significant cytokines of osteoclast 
differentiation. Inflammatory markers like lymphocytes and fibroblast start the secretion of RANKL from the joint and 
boost the osteoclast differentiation.28–30 Bone resorption factors such as interleukin and prostaglandin act on the 
osteoblasts and play a crucial role in altering the RANKL level. While RA disease increases the osteoclasts, it further 
leads to dysfunction of bone and ultimately induces bone loss and erosion. Some researchers target osteoclast differ
entiation for the treatment of RA disease.31

Edaravone (3-methyl-1-phenyl-pyrazoline-5-one) is a potent free radical scavenger and it also interacts with both 
hydroxyl and peroxyl radicals to generate oxidized compounds.32–35 ED showed immunomodulation effects to avoid 
negative effects on autoimmune diseases.33,34 Moreover, the protective effect and the underlying mechanism of ED 
against arthritis are still unknown. This is due to its antioxidant and anti-inflammatory effects against various animal 
disease models. In this investigation, we evaluated whether ED protected against CFA-induced arthritis in rats and 
investigated the potential mechanisms.

Materials and Methods
Rodent
Swiss Albino Wistar rats (6–8 weeks old; 100–125 g) were obtained from the Institute’s animal house and kept under 
standard laboratory conditions (22±5°C; 60–70% relative humidity; 12/12 h dark and light cycles). Access to food and 
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water was allowed for the rats. Institute guidelines were followed throughout the entire experimental process. The 3201 
Hospital animal ethical committee authorised this study (Approved No.3201–2021-0120).

CFA Induced Arthritis Model
Previously reported method was used for induction arthritis in rats with minor modifications.16 CII solution was emulsified 
in equal quantities of complete Freund’s adjuvant (CFA) by dissolving bovine natural collagen II (2 mg/mL) in acetic acid 
(50 mM) via continuous stirring at 4°C. The rats were given a 0.1 mL intradermal emulsion of CFA through loose skin at the 
tail’s base (day 0). Following successful primary vaccination, 0.1 mL CII in incomplete Freund’s adjuvant was injected 
intradermally.16 The rats were then divided into the following classes, each of which contains 10 rats. The following are the 
groups:-

Group I: normal control received the vehicle only (1% CMC solution).
Group II: CFA control received vehicle only (1% CMC solution).
Group III–V: CFA + ED (12.5, 25, and 50 mg/kg body weight) and:
Group VI: CFA + indomethacin (400 µg/kg), respectively.
The rats were given the appropriate doses once a day, and the normal and CFA groups were given the same amount of 

CMC (carboxy methyl cellulose). After initial immunisation, the procedure begins 22 days later. After the last intragastric 
injection, the rats were CO2 anaesthetized, and blood was taken from the cardiac apex.

Paw Swelling
The paw swelling of the experimental rats were estimated at regular time intervals (0, 7, 14, 21, and 28 days) using the 
plethysmometer via following the previously reported method.36

Thymus and Spleen Index
After scarifying the rats, the spleens and thymus tissues were successfully removed and weighted. A ratio of spleen and 
thymus wet weight to body weight was used to calculate the spleen and thymus index.37

Arthritis Score
For the estimation of arthritis score previous reported method of Kumar et al was used with minor modification.38,39 Two 
independent arthritis scores were carried out by blinded observation. During the observation, the severity and frequency 
of arthritis was scrutinized. From day 0 (primary immunization) to day 32 (last oral administration) arthritis scores were 
regularly recorded. During the arthritis score, the inflammation, its peaks, extends from the ankle via digits and it is 
characterized through erythema and extreme swelling were recorded. Arthritis score was estimated using a visual score 
from 0 to 4, where score 1 shows minimal inflammation and score 4 indicates the extensive erythema and swelling of all 
paws. Scores acquired for the four limbs were added to calculate the arthritis index for all animals, with a maximum 
score of 16 per rat.

Biochemical and Immune Parameters
After collecting the blood into the tube (without containing anticoagulant) was centrifuged at 5000 rpm for 10 min at 4° 
C. The serum was successfully separated and divided into the aliquots at 4°C. The levels of alkaline phosphatase (ALP), 
C-reactive protein (CRP), alanine amino transaminase (ALT), rheumatoid factor (RF), amino transaminase (AST), total 
protein, and serum nitrate were estimated using commercially available colorimetric assay kits following the manufac
turing method (Jian Cheng Bioengineering Institute, China).

Antioxidant Parameters
The antioxidant parameters GSH, MDA, SOD, and CAT were calculated with minor modifications using the previous 
study.38,40
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Hematological Parameters
Hematological parameters viz., haemoglobin (Hb), leukocytes (WBC), mean cell volume (MCV), erythrocytes (RBC), 
HCT (hematocrit), lymphocytes (LYM), MCHC (mean corpuscular hemoglobin concentration), and platelet (PLT) were 
assessed using readymade diagnostic reagent kits (Sunlong Biotech Co., Ltd. Zhejiang, China).

Elisa
Pro-inflammatory cytokines such as IL-2, IL-17, TNF-α, IL-10, IL-1β, IL-16, IL-6 (Bender MedSystem, Vienna, 
Austria), and TGF-β; angiogenesis markers such as VEGF, ANG-1, and HIF-1α were estimated using ELISA kits 
(Elabscience, China) following the manufacture protocol.

Cell Culture
The isolation of osteoclast-like cells was accomplished using a previously published method.41,42 Fresh blood from 
CFA induced rats was collected into an anticoagulant containing a test tube for the isolation of lymphocytes and 
transferred the sample into the cell bottle and cultured for the next 12 h. After culturing the sample, discard the 
upper layer (containing lymphocytes) and collect the lower adherent cells, which contain the mononuclear cells. The 
synovial tissue of CFA rats were collected and washed with the phosphate buffer saline (PBS) 3 times and 
superficially cut the synovium about 1–2 mm3 and kept into the Dulbecco’s modification Eagle’s medium and 
incubated for 3–4 h at 37°C. The tissues were entirely removed once the synovial fibroblasts were successfully 
grown into sheets. 1×106 mL−1 of monocytes were added to the 6 well plates. The synovial fibroblasts were then 
processed into a cell suspension 1×105 mL−1 and mixed into a hanging transwell chamber on a 6 well plate. The 
cells were then co-cultured in a CO2 incubator (5%) at 37°C to produce osteoclast-like cells. Every day, while the 
cells are being cultured, a fresh culture medium is used.

Cell Viability Assay
The ED was sterilised and used for an in-vitro experimental study to determine the cell viability. To assess cell viability, 
a 2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was used. In the 96 well plates, the cells (8×103 cells/well) were 
added together with M-CSF (30 ng/mL). Following a 12-hour culture, the cells were treated with various concentrations 
of ED (10–250 μg/mL), next 72 h, and estimated the optical density at 570 nm.43

TRAP Capacity
The estimation of TRAP levels in osteoclast-like cells was done using a previously described approach.25,44 The co- 
culture cells were exposed to ED at various concentrations (10, 20, 50, 100, and 250 μg/mL) for 48 hours, and the 
amount of TRAP in the supernatant was calculated.43

Elisa
The synovial fibroblasts and monocytes were co-cultured for 48 hours and the different dosages of ED (10, 20, 50, 100, 
and 250 μg/mL) were used. The supernatant of the culture medium was collected for the estimation of the level of TNF- 
α, IL-1, IL-6, IL-37 (Nanjing Jiancheng Bioengineering Institute, China) and RANKL, OPN, and M-CSF (Shanghai 
Yuanye Bio-Technology Co., Ltd., China) via manufacturing instructions.

Statistical Analysis
The results, which are presented as mean standard error mean (SEM), were produced using GraphPad Prism 7 software 
(St. Louis, USA). Dunnett’s t-test comparison and one-way ANOVA were used to assess the groups’ significance. 
Statistical significance was defined as a P value of 0.05.
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Result
Body Weight
Reduction in body weight is a common feature of arthritis. In this experimental protocol, we selected almost similar body 
weight rats. Comparison with the normal and tested drug-treated rats, CFA rats exhibited a reduction in body weight. The 
ED and indomethacin group rats confirmed significantly (P<0.001) augmented the body weight (Figure 1A). The body 
weight of the ED (50 mg/kg) treated group of rats was remarkably similar to that of normal control group.

Arthritic Score
Arthritic score is an important feature of arthritis. During arthritis, it increases the swelling and redness in the rat paw. 
Normal rats (without treatment) did not show any signs and symptoms of arthritis and this group score 0. CFA-induced 
rats showed amplified arthritis scores as they increased the experimental study time. The maximum arthritis score was 
observed in this group at the end of the study. ED (12.5 mg/kg and 25 mg/kg) treated rats significantly (P<0.001) 
decreased arthritis score. ED (and 50 mg/kg) treated group rats established maximum down-regulation in the arthritic 
score (Figure 1B). Indomethacin treated group rats confirmed a reduction in the arthritic score.

Thymus and Spleen Index
The spleen and thymus indexes of the various groups of rats are shown in Figure 2. CFA-induced rats presented 
a significantly (P<0.001) amplified index level of spleen (Figure 2A) and thymus (Figure 2B). ED and indomethacin- 
treated group rats significantly (P<0.001) down-regulated the spleen and thymus index.

Paw Swelling
Table 1 shows an enhancement of paw swelling in CFA induced arthritis rats. ED treatment and indomethacin treated rats 
showed significant (P<0.001) reduction in paw swelling.

Figure 1 Effect of Edaravone on the body weight and arthritis score of normal and CFA induced arthritis rats. (A): body weight and (B): arthritic score. The data are 
expressed as the mean ± standard error means (SEM) (n=10). Dunnett’s test was used for comparisons the data. Where *P<0.05, **P<0.01 and ***P<0.001 was considered 
as significant, more significant and extreme significant vs CFA control. ###P<0.001 consider as significant and compared with the normal control. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone.

Figure 2 Effect of Edaravone on the spleen and thymus index of CFA induced arthritis rats. (A): Spleen index and (B): thymus index. The data are expressed as the mean ± 
standard error means (SEM) (n=10). Dunnett’s test was used for comparisons the data. Where *P<0.05, **P<0.01 and ***P<0.001 was considered as significant, more 
significant and extreme significant vs CFA control. ###P<0.001 consider as significant and compared with the normal control. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone.
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CRP Level
During injury, infection, or inflammatory reaction, the level of CRP boosted due to the expansion of disease. Normal 
levels of CRP were detected in the untreated rats. CFA-induced rats demonstrated 3–5 times higher CRP level as 
compared to normal rats, and ED treated rats significantly (P<0.001) diminution the level. Indomethacin treated group 
exhibited similar results (Figure 3A).

Rheumatoid Factor
RF is a significant indicator of arthritis. During arthritis conditions, RF levels are boosted due to increased inflammation 
reactions. The normal group did not show RF level. Alternatively, CFA induce rats revealed that boosted levels of RF and 
ED treatment significantly (P<0.001) suppressed the level of RF at dose dependent levels, suggesting the anti-arthritis 
effect. A similar momentum was observed after indomethacin treatment (Figure 3B).

Hematological Parameters
During arthritis, the alteration of hematological parameters observation is a common feature. Hematological parameters are 
commonly used to identify arthritis. Normal levels of hematological parameters were observed in the untreated rats. CFA 
treated rats presented a reduction in the level of HCT, RBC, Hb and boosted the level of LYM, WBC, PLT, MCV, MCHV. ED 
treated rats significantly (P<0.001) altered the level of HCT, RBC, Hb, PLT, LYM, WBC, MCV, MCHV (Figure 4).

Antioxidant Parameters
In the progression of arthritis, oxidative stress plays a significant role. CFA-treated rats displayed boosted MDA levels 
and reduced levels of SOD, GSH, and CAT compared with those without treated and tested drug-treated rats. ED and 

Table 1 Effect of Edaravone on Paw Swelling in CFA Induced Arthritis

S. No Groups Days

Day 0 Day 7 Day 14 Day 21 Day 28

1 NC 0.03±0.01 0.03±0.01 0.05±0.02 0.04±0.02 0.04±0.01

2 CFA 1.59±0.63 2.12±0.69 2.76±0.72 3.12±0.81 3.64±0.85

3 CFA+ED (12.5 mg/kg) 1.47±0.32ns 1.74±0.73** 1.63±0.73*** 1.47±0.63*** 1.32±0.57***

4 CFA+ED (25 mg/kg) 1.48±0.21ns 1.64±0.43*** 1.45±0.78*** 1.23±0.54*** 1.01±0.58***

5 CFA+ED (50 mg/kg) 1.45±0.34* 1.57±0.78*** 1.36±0.79*** 0.92±0.35*** 0.34±0.21***

6 CFA+Indo (400 µg/kg) 1.42±0.83* 1.58±0.82*** 1.48±0.83*** 0.98±0.43*** 0.38±0.28***

Notes: Dunnett’s test was used for comparisons the data. Where *P<0.05; **P<0.01 and ***P<0.001 was considered as significant; more significant and extreme 
significant.

Figure 3 Effect of Edaravone on the RF and CRP of CFA induced arthritis rats. (A): CRP and (B): RF. The data are expressed as the mean ± standard error means (SEM) 
(n=10). Dunnett’s test was used for comparisons the data. Where *P<0.05, **P<0.01 and ***P<0.001 was considered as significant, more significant and extreme significant 
vs CFA control. ###P<0.001 consider as significant and compared with the normal control. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone; CRP, C-reactive protein; RF, Rheumatoid factor.
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indomethacin received rats significantly (P<0.001) demonstrated the suppression in the level of MDA and improvement 
in the levels of SOD, GSH, CAT (Figure 5).

Nitrate and Total Protein Level
CFA treated rats significantly (P<0.001) exhibited reduced levels of total protein and ED treated rats significantly 
(P<0.001) increased the level of total protein (Figure 6A). CFA-treated rats had higher nitrate levels, but ED-treated rats 
had considerably lower nitrate level (Figure 6B).

Hepatic Parameters
The effect of ED on hepatic parameters is shown in Figure 7. An increased level of hepatic markers including ALP, ASL, 
and ALT was observed in CFA-induced arthritic rats. Rats given ED or indomethacin treatment significantly (P<0.001) 
had lower levels of hepatic markers.

Figure 4 Effect of Edaravone on the haematological parameters of CFA induced arthritis rats. The data are expressed as the mean ± standard error means (SEM) (n=10). 
Dunnett’s test was used for comparisons the data. Where *P<0.05, **P<0.01 and ***P<0.001 was considered as significant, more significant and extreme significant vs CFA 
control. ###P<0.001 consider as significant and compared with the normal control. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone; RBC, red blood cells; WBC, White blood cells; Hb, hemoglobin; 
HCT, hematocrit; MCV, mean corpuscular volume; LYM, lymphocytes; MCHC, mean corpuscular hemoglobin concentration; PLT, platelet.

Figure 5 Effect of Edaravone on the antioxidant parameters of CFA induced arthritis rats. The data are expressed as the mean ± standard error means (SEM) (n=10). 
Dunnett’s test was used for comparisons the data. Where *P<0.05, **P<0.01 and ***P<0.001 was considered as significant, more significant and extreme significant vs CFA 
control. ###P<0.001 consider as significant and compared with the normal control. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone; MDA, malonaldehyde; GSH, glutathione; CAT, catalase; SOD, 
superoxide dismutase.

Drug Design, Development and Therapy 2023:17                                                                             https://doi.org/10.2147/DDDT.S391606                                                                                                                                                                                                                       

DovePress                                                                                                                         
525

Dovepress                                                                                                                                                               Liu et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Pro-Inflammatory Cytokines and Inflammatory Mediators
Figure 8 confirms the effect of ED and indomethacin on the level of pro-inflammatory cytokines. The levels of pro- 
inflammatory cytokines were altered in CFA-induced arthritis rats. ED and indomethacin-treated group rats significantly 
(P<0.001) modulated the level of pro-inflammatory cytokines.

Figure 7 Effect of Edaravone on the hepatic parameters of CFA induced arthritis rats. The data are expressed as the mean ± standard error means (SEM) (n, 10). Dunnett’s 
test was used for comparisons the data. Where *P<0.05; **P<0.01 and ***P<0.001 was considered as significant; more significant and extreme significant vs CFA control. 
###P<0.001 consider as significant and compared with the normal control. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone; ALT, alanine transaminase; AST, aspartate transaminase; ALP, 
alkaline phosphatase.

Figure 8 Effect of Edaravone on the pro-inflammatory parameters of CFA induced arthritis rats. The data are expressed as the mean ± standard error means (SEM) (n, 10). 
Dunnett’s test was used for comparisons the data. Where *P<0.05; **P<0.01 and ***P<0.001 was considered as significant; more significant and extreme significant vs CFA 
control. ###P<0.001 consider as significant and compared with the normal control. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; IL-2, 
interleukin-2; IL-6, interleukin-6; IL-10, interleukin-10; IL-16, interleukin-16; IL-17, interleukin-17; TGF-β, transforming growth factor beta.

Figure 6 Effect of Edaravone on the serum nitrate and total protein parameter of CFA induced arthritis rats. (A): total protein and (B): serum nitrate. The data are 
expressed as the mean ± standard error means (SEM) (n, 10). Dunnett’s test was used for comparisons the data. Where *P<0.05; **P<0.01 and ***P<0.001 was considered 
as significant; more significant and extreme significant vs CFA control. ###P<0.001 consider as significant and compared with the normal control. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone.
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The levels of COX-2, PGE2, and NF-κB in the untreated and treated groups of rats are shown in Figure 9. CFA- 
induced rats exhibited an enhanced level of COX-2 (Figure 9A), PGE2 (Figure 9B), and NF-κB (Figure 9C). ED and 
indomethacin-treated rats significantly (P<0.001) demonstrated reduced levels of COX-2, PGE2, and NF-κB.

VEGF, ANG-1, and HIF-1α Level
Figure 10 shows the effect of VEGF, ANG-1and HIF-1α in untreated and treated group rats. CFA-induced rats exhibited 
augmented levels of HIF-1α (Figure 10A), VEGF (Figure 10B) and ANG-1 (Figure 10C). ED and indomethacin-treated 

Figure 9 Effect of Edaravone on the inflammatory parameters of CFA induced arthritis rats. (A): COX-2; (B): PGE2 and (C): NF-κB. The data are expressed as the mean ± 
standard error means (SEM) (n, 10). Dunnett’s test was used for comparisons the data. Where *P<0.05; **P<0.01 and ***P<0.001 was considered as significant; more 
significant and extreme significant vs CFA control. ###P<0.001 consider as significant and compared with the normal control. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone; COX-2, cyclooxygenase-2; PGE2, prostaglandin; NF-κB, nuclear 
kappa B factor.

Figure 10 Effect of Edaravone on the angiogenesis parameters of CFA-induced arthritis rats. (A): HIF-1α; (B): VEGF and (C): ANG-1. The data are expressed as the mean ± 
standard error means (SEM) (n, 10). Dunnett’s test was used for comparisons the data. Where *P<0.05; **P<0.01 and ***P<0.001 was considered as significant; more 
significant and extreme significant vs CFA control. ###P<0.001 consider as significant and compared with the normal control. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone; HIF-1α, hypoxia-inducible factor-1α; ANG-1, angiopoietin 1; 
VEGF, vascular endothelial growth factor.
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rats significantly (P<0.001) down-regulated the level of HIF-1α (Figure 10A), VEGF (Figure 10B) and ANG-1 
(Figure 10C), respectively.

Cell Viability
The co-culture cells were treated with ED (10, 20, 50, 100, and 250 μg/mL), respectively. The results demonstrated the 
suppression in the viability of osteoclast cells (Figure 11A). ED treatment also showed a reduction in the level of TRAP 
(Figure 11B).

Cytokines
Figure 12 exhibits the effect of ED on cytokine level of co-culture cells. ED treatment significantly (P<0.001) showed the 
suppressed level of TNF-α (Figure 12A), IL-1 (Figure 12B), IL-6 (Figure 12C), and IL-37 (Figure 12D).

M-CSF, OPN, and RANKL
Figure 13 displays the effect of ED on the level of M-CSF, OPN, and RANKL of the co-culture cells. ED treated cells 
exhibited significant (P<0.001) reduction in the level of M-CSF (Figure 13A), OPN (Figure 13B), and RANKL 
(Figure 13C).

Discussion
RA disease treatment not only require inflammatory reaction control but also require suppression of bone erosion and 
joint destruction.43 It is well known that bone erosion is a hallmark of RA.45 Concurrently with the expansion of bone 
loss, anti-inflammatory drugs exhibited poor protection against bone loss. Therefore, urgently needed discovery of novel 
treatment for the treatment of bone erosion during RA disease. Chinese herbal drugs, their phytoconstituents and various 
chemical constituents showed protective effects against arthritis disease. Using osteoclast differentiation and HIF- 
1-VEGF-ANG-1 axis, we examined the anti-arthritis impact of edaravone against Complete Freund Adjuvant Induced 
Arthritis in this experimental investigation.

It is well known that RA disease is linked with bone destruction.43 Bone destruction occurs due to an imbalance 
between bone formation and bone resorption. Osteoclasts are significant cells that induce bone destruction during RA 
disease.46,47 Therefore, researchers are targeting osteoclast proliferation, differentiation, and formation for the treatment 
of RA disease.47 Under diverse circumstances, synovial macrophages and circulating monocytes can be stimulated to 

Figure 11 Effect of Edaravone on the cell viability. (A): cell viability on osteoclast cells and (B): TRAP level. Data were presented as the mean ± SD of experiments. Where 
*P<0.05 and **P<0.01 compared with control group.
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differentiate into functional osteoclasts, and they are also considered as the source of osteoclasts in RA joints.48 During 
RA conditions, synovial fibroblasts boost the monocyte to differentiate into the osteoclasts via secreting the cytokines 
like TNF-α, IL-1, IL-6, and IL-34.49–51

Inflammatory cytokines and related signaling pathways play a crucial role in osteoclast differentiation.52 

Inflammatory cytokines secreted from the RA synovial fibroblasts boost the OPN level in the monocytes and also take 
part in the osteoclast maturation and differentiation regulation.51 Cytokine like IL-1 involved in the regulation of OPN, 
RANKL, and M-CSF. M-CSF and RANKL are significant cytokines for osteoclast differentiation. M-CSF and RANKL, 
two crucial receptors, demonstrated various stages of the osteoclastogenesis process, including the proliferation stage 
through M-CSF binding to c-FMS and the differentiation stage through RANKL binding to RANK.49,51,52 A further 
distinct cytokine, IL-34, can be triggered by M-CSF and functions as a ligand for the colony stimulating factor 1 receptor. 
Previous reports suggest that the IL-34 can boost the RANKL mediated osteoclast differentiation via enhancing the 
proliferation and adhesion of osteoclast precursors.51

Previous reports suggest that increased paw edema and altered organ weight during RA disease. According to Ahmad 
et al, paw edema enhanced during arthritis disease1 and CFA-induced group rats exhibited the same result. ED treatment 
remarkably suppressed the paw edema along with arthritis score, suggesting the anti-arthritic effect.

Figure 12 Effect of Edaravone on the level of cytokines. (A): TNF-α; (B): IL-1; (C): IL-6 and (D): IL-37. Data were presented as the mean ± SD of experiments. Where 
*P<0.05 and **P<0.01 compared with control group. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone; TNF-α, tumor necrosis factor-α; IL-1, interleukin-1; IL-6, 
interleukin-6; IL-37, interleukin-37.
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In this investigation, we found that CFA-induced arthritic rats had a lower body weight. Previous research has linked 
with low body weight observed during the arthritic condition due to the intestine’s inability to absorb glucose and 
leucine.40,54 We observed that ED therapy considerably raised body weight, implying that glucose and leucine absorption 
by the gut has improved.

The increase in inflammation during RA disease is well documented to be influenced by hepatic factors. The hepatic 
parameters are considered as an important marker of lysosomal membrane enzyme integrity, during the injury start the 
secretion of these enzymes into the serum and induce the hepatic tissue injury and finally cause the tissue damage.40,54 

A cytoplasmic enzyme, such as ALP, is the α-glucuronidase lysosomal enzyme (phagocytic indicator) indicator, which is 
considered as the sensitive parameter of cellular injury caused via pathological conditions. The boosted level of ALP 
observed in this experimental group in the CFA group suggest the induction of inflammation.38,55 A similar result was 
seen in the levels of AST and ALT, with both enzymes rising in CFA-induced arthritis group rats and a decline level of 
hepatic parameters indicating a reduction in lysosomal stability.

It is well proven that alterations in the hematological parameters are commonly observed during arthritic conditions. 
The deformability of erythrocytes during the arthritic condition was generated due to reduction of RBC level, which was 

Figure 13 Effect of Edaravone on the level of OPN; M-CSF and RANKL. (A): OPN; (B): M-CSF and (C): RANKL. Data were presented as the mean ± SD of experiments. 
Where *P<0.05 and **P<0.01 compared with control group. 
Abbreviations: Ns, non-significant; NC, normal control; CFA, complete Freund adjuvant; ED, edaravone; OPN, osteopontin; RANKL, receptor activator for nuclear factor- 
κ B Ligand; M-CSF, macrophage colony stimulating factor.
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frequently seen and led to the animatic condition (shortened life of erythrocytes).5–7 The destruction of premature RBCs 
and the reduction of bone marrow erythropoietin cause reduction in the level of haemoglobin (Hb). WBC is a crucial 
immune system component linked to the production of inflammatory responses and disorders that are related to it.7,8 

Kumar et al suggest that the boosted level of IL-1β and WBC starts the generation of inflammatory parameters such as 
macrophages and granulocytes and causes the expansion of colony stimulating factors.39,54 ED treatment remarkably 
altered the haematological parameters, suggesting an anti-arthritis effect.

Reactive oxygen and nitrogen species are generated during the body's cellular metabolism and play a crucial role in 
the development of disease. Free radicals (FR), reactive oxygen species (ROS), and reactive nitrogen species (RNS), all 
contribute to cellular instability and the emergence of unexpected inflammatory diseases like arthritis.5,6 ROS can 
damage tissue and various endogenous antioxidant mechanisms to protect the tissue from ROS-induced injury. 
Arthritis condition boosted synthesis of ROS via activation of phagocyte and neutrophils and finally causes oxidative 
stress in the tissue. The constant formation of oxygen species in the synovial membrane damages proteins, lipids, 
collagen, and nucleic acids, which also serves as a warning to inflammatory cells, aggravating arthritic disorder.8,9 

Previous research indicates that the NF-κB pathway can be activated by ROS as a signal, which changes pro- 
inflammatory cytokines and other transcription mediators.5,11 In this experimental work, we saw a drop in the level of 
endogenous antioxidant enzymes, and ED therapy altered the level of endogenous antioxidants.

The autoimmune disorder RF (autoantibody) systemic changes and deformities are described by the induction of 
chronic inflammation in the synovial joint. During RA, the synovium swells as a result of the multiplication of synovial 
cells, which significantly contributes to the degeneration of cartilage.5,6 Bone erosion is the most common symptom of RA, 
which is related to prolonged and increased inflammation in the joints and affects 80% of the patients.5,53 Furthermore, the 
deficit in immune function is primarily due to a mismatch between the humoral and cellular immunity. Although cellular 
immunity increases and Th1 cells become activated and start the secretion of pro-inflammatory cytokines, while humoral 
immunity decreases, they suppress Th2 inflammatory cytokine secretion. According to previous research, cytokine 
development in the synovium begins with lymphocytes and mononuclear macrophages; it plays a central role in RA 
pathogenesis.5,7,8 Furthermore, the dynamic role of pro-inflammatory cytokines in the survival of RA lesions and the 
progression of RA disease, which is considered as a significant factor during RA disease. Inflammatory related cytokines 
are divided into two categories: one category of cytokines secreted by lymphocytes and the second category of cytokines 
secreted from the monocytes/macrophages.6,36 Previous research suggests that numerous markers directly or indirectly 
interact with inflammatory-related cytokines and play an important role in the expansion or incidence of arthritis 
disease.10,36 The well-known cytokine, TNF-α, altered the numerous functions in the pathogenesis of RA including 
accumulation of chemokines, leukocytes, activated endothelial cells, activation of osteoclasts and chondrocytes.11,56 

During the arthritis condition, the level of TNF-α highly observed in the serum and inflamed area. The increased 
concentration of TNF-α induces the joint tissue injury and the onset of other clinical symptoms. IL-1β is present in the 
joint cavity and promotes endothelial cell growth and cell migration. T lymphocytes secrete IL-16, which is essential in the 
progression of arthritis disease. IL-16 does not have an impact on cartilage collagen during arthritis, which inhibits bone 
synthesis and improves osteoclast differentiation.9,57 Previous report suggests that IL-17 play a crucial role in the activation 
of T cell driven inflammation.3 The various cytokines like IL-17 and others, monocytes, and B cells were found in RA 
patients.58 In this study, we have observed that the boosted level of IL-17 and ED treatment remarkably suppressed the level 
of IL-17. In this experiment, rats in the CFA group had higher levels of inflammatory-related cytokines, while rats in the ED 
group had lower levels of inflammatory-related cytokines, implying an anti-inflammatory effect.

NF-κB pathway commonly used for treating various diseases. According to previous research, the NF-κB signalling 
pathway is widely used to treat arthritis.40,54 NF-κB plays a crucial role in the regulation of immune-related inflammatory 
responses. During the arthritis, NF-κB boosts various genes including cytokines, histocompatibility complexes, and 
chemokines. NF-κB migration immune cell and induces cellular proliferation and apoptosis.38,54 The degree of NF-κB 
was found to be higher in human and rodent biopsy samples. ED treatment remarkably diminished the level of NF-κB.

In this experimental study, we assessed arthritis assessments and biochemical parameters. Compared to normal group 
rats, the CFA animal model induces erythema, joint swelling, pannus, erythema, cartilage, and bone damage, and all of 
these indices steadily decreased after ED treatment, demonstrating that our animal models were well-constructed and our 
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drugs had beneficial effects. In this study, we determined the possible mechanism of ED via reducing the angiogenesis 
parameters (HIF-1α–VEGF–ANG-1 axis) of CFA-induced arthritis rats. We estimated the level of VEGF, ANG-1, and 
HIF-1α in the serum of RA rats. CFA-induced arthritis rats showed augmented levels of VEGF, ANG-1, and HIF-1α in 
the serum and ED treatment remarkably suppressed the level. The findings show that ED can reduce CFA by inhibiting 
angiogenesis, and the mechanism is thought to be linked to the HIF-1α–VEGF–ANG-1 axis.

The synovial demand oxygen in the inflamed joint by excessive migration and proliferation of immune cells such as 
fibroblasts, endothelial cells, leukocytes, and macrophages. This process causes increased synovial membrane hyperpla
sia and a wider gap between synoviocytes and blood vessels, extending the oxygen diffusion range.16 The RA joint is 
unable to supply oxygen to support synoviocyte proliferation at the same time, creating a hypoxic and ischemic 
microenvironment. This increases the amount of HIF-1 in RA synovial fibroblasts, thymus-based lymphocytes 
(T-cells), and macrophages during RA conditions, controlling the cellular response to hypoxia and acting as an oxygen 
homeostasis regulator. Moreover, hypoxic microenvironment plays an important role and pioneer condition in early RA 
condition.16,59 VEGF, a downstream target of HIF-1α, has been connected to the production of pro-angiogenic mediators. 
Angiogenesis is regulated by a mixture of anti- and pro-angiogenic factors, with VEGF being the primary inducer of pro- 
angiogenic factors, according to prior studies.16,60 VEGF expression is improved by HIF-1α during the expansion of RA 
angiogenesis in hypoxia. Endothelial cells (ECs), which provide nutrients and oxygen to the tissue, often line the vascular 
system, which is a heavily branched network.16,59,61 Differentiation and proliferation of endothelial cells (ECs) occur 
during angiogenesis. Quiescent ECs protect blood vessels in human tissue, which are unsheathed by pericytes or mural 
cells when ANG-1 levels are high. Adult ECs are dormant for long periods of time, but when stimulated with pro- 
angiogenic factors like VEGF, they can quickly turn to growth.16,62 When ANG-1, ANG-2, and VEGF (all antagonists of 
Tie2) are present, they become overexpressed. By boosting EC survival and decreasing vascular permeability, ANG-1 
has been shown to affect vessel development and stabilisation.16,63 VEGF increases vascular permeability, while ANG-1 
increases vessel maturation while suppressing vascular permeability, a process known as angiogenesis. CFA-induced RA 
rats exhibited the boosted level of HIF-1α, VEGF, and ANG-1, and ED treatments suppressed their levels, suggesting 
protection against RA disease.

Conclusion
In this experimental study, ED treatment suppresses the arthritis index and improves the body weight. Additionally, ED 
treatment significantly altered the haematological and antioxidant parameters. ED treatment considerably reduced the 
level of inflammatory-related cytokines and inflammatory mediators in the serum and suggested an anti-arthritic effect. 
We also looked at the levels of VEGF, ANG-1 and HIF-1α, and found that ED could reduce the expression of 
angiogenesis parameters in the synovium and serum, indicating that the HIF-1α–VEGF–ANG-1 axis is involved in the 
angiogenesis process in CFA. The current study findings suggest that ED could recover from arthritis and its symptoms, 
protect bones from destruction and suppress osteoclast differentiation. This study may provide a novel approach to 
treating RA disease. ED treatment effectively relieved the symptoms of CFA-induced arthritis in rats.
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