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A B S T R A C T   

Rheumatoidarthritis (RA) is an autoimmune disease characterized by uncontrolled joint inflam-
mation and damage to bone and cartilage. B cells are known to play a crucial role in the path-
ogenesis and development of arthritis. Previous studies have found that B cells may be a potential 
target for treating RA. Rituximab, a monoclonal antibody targeting B cells, has induced long-term 
clinical responses in RA. Collagen-induced arthritis (CIA) mouse model is a widely studied 
autoimmune model of RA. CIA mouse model was used to investigate the effect of rituximab on the 
RA severity in the mice. Following induction of CIA, animals were treated with rituximab (250 
mg/kg/week) intraperitoneally on the days 28, 35, 42, 49, 56, and 63 after collagen induction. 
We investigated the effect of rituximab on NF-κB p65, IκBα, GM-CSF, MCP-1, iNOS, TNF-α, and IL- 
6 cells in splenic CD19+ and CD45R+ B cells using flow cytometry. We also assessed the effect of 
rituximab on NF-κB p65, GM-CSF, IκBα, MCP-1, iNOS, TNF-α, and IL-6 at mRNA levels using RT- 
PCR analyses of knee tissues. Rituximab treatment significantly decreased CD19+NF-κB p65+, 
CD45R+NF-κB p65+, CD19+GM-CSF+, CD45R+GM-CSF+, CD19+MCP-1+, CD45R+MCP-1+, 
CD19+TNF-α+, CD45R+TNF-α+, CD19+iNOS+, CD45R+iNOS+, CD19+IL-6+, and CD45R+IL-6+, 
and increased CD45R+IκBα+ in spleen cells of CIA mice. We further observed that rituximab 
treatment downregulated NF-κB p65, GM-CSF, MCP-1, iNOS, TNF-α, and IL-6, whereas it upre-
gulated IκBα, mRNA level. All these findings suggest that rituximab may be a novel therapeutic 
target for the treatment of RA.   

1. Introduction 

Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease that causes joint pain, swelling, cartilage, and bone 
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destruction [1]. Pathological changes observed in RA are characterized by synovial hyperplasia and destruction of cartilage and bone 
due to massive inflammatory cell infiltration [2]. The initiating cause of RA has not been fully understood yet. Still, dysregulation of 
the immune system has been confirmed to play a significant role in the propagation of the disease [3]. The various inflammatory 
cytokines secreted by T and B cells in the synovial fluids and tissues contribute to the initiation and progression of RA [4,5]. Targeting 
the reduction of inflammatory mediators can effectively control and prevent chronic inflammatory diseases [6]. Thus, there is an 
urgency to explore novel anti-inflammatory therapies for treating RA. 

Nuclear factor (NF)-κB signaling is one of the key transcriptional pathways in the progression and development of RA [7]. A 
previous study showed that the blockade of the NF-κB signaling is considered a vital strategy for controlling inflammatory responses in 
RA [8]. Accumulating evidence suggested that NF-κB is highly activated in synovial tissues of RA patients [9]. IkB-α is an inhibitor of 
NF-κB, and decreased IκB-α level is indicative of NF-κB pathway activation [2]. Granulocyte macrophage-colony stimulating factor 
(GM-CSF) is a key mediator of synovial cell migration and inflammation in RA [10]. A previous study showed that elevated GM-CSF 
level is evident in RA patients’ plasma, synovial fluid, and synoviocytes [11]. Blockade of the GM-CSF pathway induced sustained 
suppression of lymphocyte activities in RA [12]. Therefore, inhibiting proinflammatory cytokines is an important strategy in treating 
RA. 

Monocyte chemotactic protein-1 (MCP-1) plays a critical role in the development of RA [13]. MCP-1 is a potent proinflammatory 
mediator and a crucial factor triggering inflammation in RA [13,14]. A significant increase in MCP-1 level was observed in experi-
mental arthritis [15] (Zhou et al., 2011). The activation of inducible nitric oxide synthase (iNOS) is known to intensify the disease 
severity of RA [16], which promotes inflammation and oxidative damage of the arthritic joints [17]. INOS expression on the CIA model 
increases and contributes to RA’s progression [18]. 

The upregulation of major proinflammatory cytokines, such as TNF-α, and IL-6, reflect dysregulated innate and autoimmune 
pathophysiology [19]. A previous study has also reported that proinflammatory cytokines regulate a wide range of inflammatory 
processes associated with the pathogenesis of RA [20]. In the inflammatory cascade of RA, TNF-α enhances the activation of fibroblasts 
[21]. It is known that TNF-α and IL-6 levels are higher concentrations in RA and have a significant role in inflammation and cartilage 
destruction [22]. Thus, the upregulation of pro-inflammatory signaling could be an effective approach for treating RA. 

Rituximab is a genetically engineered chimeric anti-CD20 monoclonal antibody initially developed for treating B cell non-Hodg-
kin’s lymphoma [23]. Rituximab anti-CD20 antibody is an established therapy for RA [24]. Rituximab has proved safe and efficacious 
in patients with RA [25]. A previous study has reported clinically significant improvements in patients with RA following rituximab 
therapy [26]. Rituximab is shown to treat moderate to severe in patients with RA [27,28]. Rituximab has shown good therapeutic 
effects in treating RA, suggesting that developing drugs targeting B cells have important clinical significance [29,30]. Rituximab 
inhibits the NF-κB signaling pathway in non-Hodgkin’s lymphoma B-cell lines [31]. Collagen-induced arthritis (CIA) is a classic mouse 
model for studying the pathogenesis and new therapeutic drugs for RA, owing to similar pathological features of the disease [32]. 
Inflammatory mediator signaling is a potential therapeutic target in several inflammatory diseases, including RA. Therefore, in this 
study, we investigated the effect of rituximab on NF-κB/GM-CSF/iNOS signaling in CD19/CD45R-expressing B cells in CIA mice. 
Hereafter, to extend our hypothesis, rituximab treatment in CIA mice could possess new insight into the novel regulatory mechanism in 
RA treatment. 

2. Materials and methods 

2.1. Animals 

Male DBA/1J mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). The mice were housed at 25 ± 2 ◦C with a 
12 h light/dark cycle in a specific pathogen-free environment, fed standard mice chow, and given food and water ad libitum. All 
experiments were carried out with the approval of the King Saud University Institute’s animal use and care committee (KSU-SE-21-64). 

2.2. CIA induction and rituximab administration 

Bovine type II collagen (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.05 M acetic acid and emulsified with an equal 
volume of Freund’s complete adjuvant (2 mg/ml). The collagen emulsion was administered via intradermal injection at the base of the 
tail into DBA/1J mice on day 0. On day 21, another emulsion prepared with type II collagen and Freund’s incomplete adjuvant was 
intradermally administered near the primary injection [33–35]. We used rituximab, a monoclonal antibody targeting B cells, which 
has been shown to induce long-term clinical responses in RA. 

The mice were randomly separated into four groups: 1) The NC group received saline (NC; n = 6), 2) The NC group received 
rituximab (NC + rituximab; n = 6), 3) The CIA group received saline (CIA; n = 6), and 4) The CIA group received rituximab (CIA +
rituximab; n = 6). Mice were intraperitoneally injected with rituximab (250 mg/kg/week) every week, starting from day 28 until day 
63, after collagen induction. At the same time, normal mice and mice with CIA were administered an equal volume of normal saline as 
control. The rituximab dose and route of administration were selected based on previous animal studies [33,36,37]. Mice were 
sacrificed at the end of the treatment period by deep inhalational anesthesia (isoflurane). Different tissues (knee/spleen) were 
collected for various molecular analyses, i.e., flow cytometry and RT-PCR. 
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2.3. Flowcytometric analysis 

For flow cytometry analysis, we used conjugated antibodies to the following: CD19, CD45R, NF-κB p65, IκBα, GM-CSF, MCP-1, 
iNOS, TNF-α, and IL-6. For the staining of spleen cells, the following conjugated antibodies were used: anti-CD19 FITC, anti-CD19 PE/ 
Dazzle, anti-CD19 APC/Cyanine7, anti-CD45R PE, anti-CD45R PE/Dazzle, anti-CD45R APC, anti–NF–κB p65 Alexa Fluor® 488, anti- 
IκBα PE, anti-GM-CSF FITC, anti-MCP-1 APC, anti-iNOS PE, anti-TNF-α PE, and anti-IL-6 APC. Antibodies were obtained from Bio-
Legend, San Diego, CA, USA. Splenocytes were incubated with PMA/ionomycin (Sigma-Aldrich) and Golgi-plug (BD Biosciences) for 4 
h before staining, as previously described (Ahmad et al., 2015; 2017). Cells were washed, and surface staining of CD19 and CD45R was 
performed. After fixation and permeabilization, cells were stained with anti–NF–κB p65, anti-IκBα, anti-GM-CSF, anti-MCP-1, anti- 
iNOS, anti-TNF-α, and anti-IL-6 fluorescent antibodies. The proportions of CD19+NF-κB p65+, CD45R+NF-κB p65+, CD19+GM- 
CSF+, CD45R+GM-CSF+, CD45R+IκBα+, CD19+MCP-1+, CD45R+MCP-1+, CD19+TNF-α+, CD45R+TNF-α+, CD19+iNOS+, 

Table 1 
Primers sequence.  

Targeted gene Direction and Sequence 

NF-κB p65 F: 5′-CTGCCGAGTAAACCGGAACT-3′ R: 5′-CCCTGTGACATCACCTGCTT-3′

IκBα F: 5′-AAGGCTACTCCCCCTACCAG-3′ R: 5′-CAAGAAGGCGACACAGACCT -3′

GM-CSF F: 5′-AGCTTTACGAGAGCTCTTTTGC-3′ R: 5′-CACATCCTCCTCAGGACCTT-3′

iNOS F: 5′-TCAGCCAAGCACTCCAATGT-3′ R: 5′-AGTGATGGAGGTGCCCTAGT-3′

MCP-1 F: 5′-CAAAGCCAGGGGCCTTTTTC-3′ R: 5′-TACCAGGAGCCAGGCATAGT-3′

TNF-α F: 5′-GGACTAGCCAGGAGGGAGAA-3′ R: 5′-CGCGGATCATGCTTTCTGTG-3′

IL-6 F: 5′-GCCTTCTTGGGACTGATGCT-3′ R: 5′-GACAGGTCTGTTGGGAGTGG-3′

GAPDH F: 5′-GTCAAGGCCGAGAATGGGAA-3′ R: 5′-CTCGTGGTTCACACCCATCA-3′

NF-κB p65, Nuclear factor kappa B; IκBα, Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; GM-CSF, 
Granulocyte-macrophage colony-stimulating factor; iNOS, Inducible nitric oxide synthase; MCP-1, Monocyte Chemoattractant Protein-1; 
TNFα, Tumour necrosis factor α; IL-6, Interleukin 6; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase. 

Fig. 1. A, B, and C. Therapeutic effect of rituximab on NF-κB- and IκBα-expressing CD19+ and CD45R+ B cells were analyzed through flow 
cytometry in the spleen. D and E The expression levels of NF-κB and IκBα mRNA were analyzed by RT-PCR in the knee tissues. F Representative flow 
cytometry dot plots of one mouse from each group. The cells were gated on FSC-SSC, and then the lymphocytes were gated for analyzing the 
percentage of CD19+NF-κB+, CD45R+NF-κB+, CD19+IκBα+, and CD45R+IκBα+ B cells. Normal control (NC) mice received saline and rituximab 
(250 mg/kg/week) intraperitoneally (ip). CIA mice were treated with rituximab (250 mg/kg/week) ip starting from day 28 until day 63 after 
collagen induction. The significance level was set at *p < 0.05 compared with the CIA untreated mice. The data present the mean ± SD (n = 6). 

M.A. Ansari et al.                                                                                                                                                                                                      



Heliyon 9 (2023) e16673

4

CD45R+iNOS+, CD19+IL-6+, and CD45R+IL-6+ cells were determined in the lymphocyte gate. After washing two to three times, flow 
cytometry measured fluorescence intensity. Flow cytometry data acquisition and analysis were conducted on FC500 using CXP 
software (Beckman Coulter, Indianapolis, IN, USA). Each experiment was performed in triplicate. 

2.4. RT-PCR analysis 

Total RNA was extracted from knee tissues using TRIzol (Invitrogen Carlsbad, CA, USA) according to the manufacturer’s in-
structions. The purity and concentration of RNA were measured using a NanoDrop 2000 (Thermo Scientific). cDNA synthesis was 
performed by the cDNA reverse transcription kit (Applied Biosystems, Foster City, USA). qRT-PCR was performed using a commercial 
SYBRGreen fluorescent dye (Applied Biosystems) [38,39]. Primer sequences for NF-κB p65, IκBα, GM-CSF, MCP-1, TNF-α, IL-6, and 
GAPDH were used for RT-PCR are listed in Table 1. Each experiment was performed in triplicate. The relative mRNA level was 
calculated by the 2− ΔΔCt method [40]. 

2.5. Statistical analysis 

All data are presented as mean ± standard deviation (SD); six animals comprise each group. Statistical Analysis was performed 
using the GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA, USA). The data were analyzed by one-way ANOVA 
followed by Bonferroni’s post-hoc comparison test. The level of statistical significance was set at p < 0.05. 

Fig. 2. A and B. Therapeutic effect of rituximab on GM–CSF–expressing CD19+ and CD45R+ B cells was analyzed through flow cytometry in the 
spleen. C The expression level of GM-CSF mRNA was analyzed by RT-PCR in the knee tissues. D Representative flow cytometry dot plots of one 
mouse from each group. The cells were gated on FSC-SSC, and then the lymphocytes were gated to analyze the percentage of CD19+GM-CSF+ and 
CD45R+GM-CSF+ B cells. Normal control (NC) mice received saline and rituximab (250 mg/kg/week) intraperitoneally (ip). CIA mice were treated 
with rituximab (250 mg/kg/week) ip starting from day 28 until day 63 after collagen induction. The significance level was set at *p < 0.05 
compared with the CIA untreated mice. The data present the mean ± SD (n = 6). 
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3. Results 

3.1. Rituximab administration suppresses NF-κB p65 expression in CIA mice 

Flow cytometric analysis was performed to evaluate the effect of rituximab on NF-κB p65 and IκBα transcription factors in CIA mice. 
We found that the number of NF-κB p65-expressing CD19+ and CD45R+ B cells increased in the spleen of untreated CIA mice; however, 
rituximab-treated CIA mice showed a significant decrease in NF-κB p65-expressing CD19+ and CD45R+ cells (Fig. 1A and B). As shown 
in Fig. 1C, rituximab-treated CIA mice substantially increased IκBα-expressing CD45R+ B cells compared to untreated CIA mice in the 
spleen. mRNA level was examined to elucidate the effects of rituximab on NF-κB p65 and IκBα expression in knee tissues. The mRNA 
expression levels of NF-κB p65 were significantly decreased, and IκBα increased in the rituximab-treated CIA mice compared to un-
treated CIA mice (Fig. 1D and E). Our results indicated that rituximab exerted anti-inflammatory effects by inhibiting NF-κB p65 and 
increasing IκBα could attenuate RA progression. 

3.2. Rituximab downregulates GM-CSF transcription factor signaling 

Then, we further investigated the effect of rituximab on B cells. We found that the number of GM–CSF–expressing CD19+ and 
CD45R+ cells increased in the spleen of untreated CIA mice compared to that of NC mice (Fig. 2A and B). Rituximab-treated CIA mice 
showed a significant decrease in GM–CSF–expressing CD19+ and CD45R+ B cells compared with untreated CIA mice (Fig. 2A and B). 
To further clarify the mechanism of rituximab, we used RT-PCR to examine changes in the mRNA level of GM-CSF in knee tissues. The 
level of GM-CSF mRNA in untreated CIA mice were significantly higher than those in NC mice (Fig. 2C). Rituximab administration in 
CIA mice decreased GM-CSF mRNA level compared with untreated CIA mice (Fig. 2C). These results demonstrate that rituximab 
administration decreases GM-CSF levels, which could represent a new target for the RA therapies. 

3.3. Rituximab inhibits MCP-1-mediated inflammatory responses in CIA mice 

To further investigate the effect of rituximab, the percentage of MCP-1-expressing CD19+ and CD45R+ B cells in the spleen. The 

Fig. 3. A and B. Therapeutic effect of rituximab on MCP-1-expressing CD19+ and CD45R+ B cells was analyzed through flow cytometry in the 
spleen. C The expression level of MCP-1 mRNA was analyzed by RT-PCR in the knee tissues. D and E Representative flow cytometry dot plots of one 
mouse from each group. The cells were gated on FSC-SSC, and then the lymphocytes were gated to analyze the percentage of CD19+MCP-1+ and 
CD45R+MCP-1+ B cells. Normal control (NC) mice received saline and rituximab (250 mg/kg/week) intraperitoneally (ip). CIA mice were treated 
with rituximab (250 mg/kg/week) ip starting from day 28 until day 63 after collagen induction. The significance level was set at *p < 0.05 
compared with the CIA untreated mice. The data present the mean ± SD (n = 6). 
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lower percentage of MCP-1-expressing CD19+ and CD45R+ cells was observed in rituximab-treated CIA mice compared with that of the 
untreated CIA mice (Fig. 3A and B), and MCP-1 mRNA level was significantly decreased in the knee tissues of CIA mice treated with 
rituximab compared with that of the untreated CIA mice (Fig. 3C). Taken together, these results suggest that rituximab has the po-
tential to inhibit the expansion of inflammatory cytokines. 

3.4. Rituximab reduced spleen and tissue iNOS expression in CIA mice 

We investigated whether rituximab treatment affected iNOS-expressing CD19+ and CD45R+ B cells in the spleen. Our data show 
that these cells were significantly increased in the spleen of untreated CIA mice compared with saline-treated mice (Fig. 4A and B). 
Interestingly, rituximab treatment of CIA mice significantly decreased the number of CD19+iNOS+ and CD45R+iNOS+ B cells (Fig. 4A 
and B). We further examined the effect of rituximab treatment on iNOS mRNA levels in the knee tissues. We found that reduced in the 
knee tissues of rituximab-treated CIA mice compared with those of untreated CIA mice (Fig. 4C). These results suggest that rituximab 
treatment exerts its therapeutic effect through downregulation of iNOS expression during joint inflammation in the CIA model. 

3.5. Rituximab treatment suppresses TNF-α expression in CIA mice 

We further evaluated the effect of rituximab administration on TNF-α-expressing CD19+ and CD45RR+ cells in the spleen. In CIA 
mice treated with rituximab, TNF-expressing CD19+ and CD45R+ B cells significantly decreased compared with untreated CIA mice 
(Fig. 5A and B). RT-PCR analysis also demonstrated decreased TNF-α mRNA in the knee tissues of CIA mice treated with rituximab 
compared with untreated CIA mice (Fig. 5C). Our results indicate that rituximab could be an anti-inflammatory agent in RA treatment. 

3.6. Rituximab inhibits IL-6 expression in CIA mice 

As shown in Fig. 6A and B, rituximab administration in CIA mice significantly decreased the number of IL-6-expressing CD19+ and 
CD45R+ B cells compared with the untreated CIA mice. To further examine the decreasing effect of rituximab on IL-6 expression, 

Fig. 4. A and B. Therapeutic effect of rituximab on iNOS-expressing CD19+ and CD45R+ B cells was analyzed through flow cytometry in the spleen. 
C The expression level of iNOS mRNA was analyzed by RT-PCR in the knee tissues. D Representative flow cytometry dot plots of one mouse from 
each group. The cells were gated on FSC-SSC, and then the lymphocytes were gated to analyze the percentage of CD19+iNOS+ and CD45R+iNOS+ B 
cells. Normal control (NC) mice received saline and rituximab (250 mg/kg/week) intraperitoneally (ip). CIA mice were treated with rituximab (250 
mg/kg/week) ip starting from day 28 until day 63 after collagen induction. The significance level was set at *p < 0.05 compared with the CIA 
untreated mice. The data present the mean ± SD (n = 6). 
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mRNA expression was investigated in knee tissues (Fig. 6C). A significant decrease in the mRNA level of IL-6 was observed in the CIA 
mice treated with rituximab as compared with the untreated CIA mice (Fig. 6C). Taken together, these results revealed that rituximab 
decreased IL-6 inflammatory cytokine, which could retard RA development. 

4. Discussion 

This study addressed the hypothesis that rituximab reduces inflammatory mediators in experimental arthritis. NF-κB is involved in 
cell survival, proliferation, and chronic inflammation characteristic of RA. Its activation plays an important role in the pathogenesis of 
RA [41]. Recently, there has been increasing interest in developing biological agents that target specific signal transduction pathways 
in RA. Our results showed that the level of NF-κB-expressing CD19+ and CD45R+ B cells was significantly decreased in the spleen cells 
of rituximab-treated CIA mice. Our results demonstrated that rituximab increased IκBα-producing CD45R+ B cells in the spleen. Our 
results also showed that rituximab treatment significantly suppressed the NF-κB mRNA expression but increased that of IκBα, which 
provides strong evidence that rituximab regulates the NF-κB/IκBα pathway in RA. Therefore, it can be concluded that the anti-arthritic 
effects of rituximab are caused by the inhibitory action on NF-κB and by upregulating IκBα expression in the CIA mouse model. These 
findings indicated that rituximab has a therapeutic impact on CIA by regulating the activation of NF-κB/IκBα signaling pathways which 
could attenuate RA progression. 

A previous study has demonstrated that the GM-CSF level increased in the bone marrow, serum, and peripheral blood of patients 
with RA [42]. GM-CSF leads to the destruction of the joint structure in mice [43]. Previous data showed that neutralizing GM-CSF is 
beneficial in RA [44]. Inhibition of GM-CSF reduced the RA disease activity score in arthritis patients in clinical trials [45]. Previous 
results indicated that increased GM-CSF expression worsened disease symptoms in a mouse model with RA [46]. Clinical trials of 
agents targeting the GM-CSF pathway in RA have been reported [47]. These data suggest that GM-CSF is a key player in RA and that 
blocking this pathway may provide benefits. This study found that rituximab treatment reduced the number of GM–CSF–expressing 
CD19+ and CD45R+ B cells in the spleen of CIA mice. Our study also confirmed the anti-arthritic through the effect of rituximab on the 
mRNA level. Similarly, the mRNA level of GM-CSF was diminished by rituximab treatment in knee tissues. Our data suggest that 
rituximab-mediated inhibition of GM-CSF activation could contribute to its efficacy in the CIA mouse model. Although the mechanism 

Fig. 5. A and B. Therapeutic effect of rituximab on TNF-α-expressing CD19+ and CD45R+ B cells was analyzed through flow cytometry in the 
spleen. C The expression level of TNF-α mRNA was analyzed by RT-PCR in the knee tissues. D Representative flow cytometry dot plots of one mouse 
from each group. The cells were gated on FSC-SSC, and then the lymphocytes were gated to analyze the percentage of CD19+TNF-α+ and 
CD45R+TNF-α+ B cells. Normal control (NC) mice received saline and rituximab (250 mg/kg/week) intraperitoneally (ip). CIA mice were treated 
with rituximab (250 mg/kg/week) ip starting from day 28 until day 63 after collagen induction. The significance level was set at *p < 0.05 
compared with the CIA untreated mice. The data present the mean ± SD (n = 6). 
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underlying the suppression of GM-CSF by rituximab warrants further elucidation, rituximab administration could be used to treat RA. 
Inflammatory cytokines and chemokines are involved in the development of RA [5,48]. Accumulating evidence demonstrated that 

MCP-1 is highly expressed in the joints of patients suffering from RA [49]. It was previously reported that MCP-1 is involved in 
developing arthritis [50,51]. A previous study reported that MCP-1 is an important indicator for evaluating RA disease activity [49]. A 
previous study showed that MCP-1 was higher among RA patients [52]. A previous study found that MCP-1 promotes fibroblast-like 
synoviocyte proliferation, migration, and differentiation potential [53]. A previous study suggested that MCP-1 can destroy joints in 
CIA mice [54]. Therefore, these results support our hypothesis that MCP-1 inhibition could suppress arthritis development in CIA mice. 
Our results demonstrated that rituximab-treated CIA mice had decreased MCP-1-expressing CD19+ and CD45R+ levels in the spleen. 
Our results also revealed that rituximab-treated CIA mice had reduced mRNA levels MCP-1 in knee tissues. These results suggest that 
rituximab downregulates inflammatory mediators in CIA mice, which may account for the beneficial effect of rituximab on RA. Our 
results further indicate that rituximab administration may be a potential anti-arthritic agent with novel mechanisms of action. 

iNOS is one of the main transcriptional targets of an inflammatory mediator. Increased expression of iNOS has been observed in the 
synovium and cartilage of RA patients [55]. Previous studies have reported that iNOS expression was induced in CIA mice [17,56]. It 
has also been observed that iNOS expression significantly increased in the spleen tissue of arthritic animals [57]. Our results 
demonstrated that rituximab decreased iNOS-expressing the spleen’s CD19+ and CD45R+ B cells. We also found that the mRNA 
expression level of iNOS was reduced in the knee tissues of rituximab-treated CIA mice. Thus, the observed anti-inflammatory effects of 
rituximab could be due to their ability to decrease the expression level of iNOS. This suggests that the anti-CD20 monoclonal antibody 
rituximab has marked advantages as a new therapeutic agent for RA. 

TNF-α is the main inflammatory mediator in RA development, and various anti-TNF-α therapies have begun to improve clinical 
outcomes [58]. A previous study reported that TNF-α-blocking agents had improved the management of RA patients [59]. Addi-
tionally, it was shown that overproduction of TNF-α induces joint inflammation and pannus formation, leading to cartilage erosion and 
bone destruction [60]. Furthermore, an increased TNF-α level was confirmed to aggravate inflammation by activating NF-κB and 
producing cytokines and other inflammatory mediators in RA [61]. It was also reported that TNF-α levels elevated in synovial tissues of 
CIA mice [62]. This study found that rituximab treatment significantly decreased CD19+TNF-α+ and CD45R+TNF-α+ in CIA mice. 
Furthermore, in CIA mice treated with rituximab, the mRNA expression level of TNF-α was lowered compared with the CIA untreated 
mice. Importantly, rituximab treatment provided a significant anti-inflammatory effect, as evidenced by the reduction in TNF-α 

Fig. 6. A and B. Therapeutic effect of rituximab on IL-6-expressing CD19+ and CD45R+ B cells was analyzed through flow cytometry in the spleen. 
C The expression level of IL-6 mRNA was analyzed by RT-PCR in the knee tissues. D Representative flow cytometry dot plots of one mouse from each 
group. The cells were gated on FSC-SSC, and then the lymphocytes were gated to analyze the percentage of CD19+IL-6+ and CD45R+IL-6+ B cells. 
Normal control (NC) mice received saline and rituximab (250 mg/kg/week) intraperitoneally (ip). CIA mice were treated with rituximab (250 mg/ 
kg/week) ip starting from day 28 until day 63 after collagen induction. The significance level was set at *p < 0.05 compared with the CIA untreated 
mice. The data present the mean ± SD (n = 6). 
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expression in the spleen and knee tissues of CIA mice. Therefore, these results suggest that rituximab inhibited CIA by downregulating 
TNF-α. 

B cells aggregates in the synovium of inflamed joints and mediate the pathogenesis of RA and proinflammatory cytokine IL-6, which 
is critically involved [63]. It has been reported that IL-6 plays a significant role in the pathogenesis of RA [64]. It was further reported 
that IL-6 contributes to the pathogenesis of CIA and has been used as a biomarker for early diagnosis and therapy [65]. Recent studies 
have shown that IL-6 contributes to the pathophysiology of RA [66,67]. In this study, we found that IL-6 production was significantly 
elevated in CIA untreated mice; however, production of IL-6 was decreased by treating CIA mice with rituximab. Our results also 
revealed that rituximab-treated CIA mice had reduced mRNA levels IL-6 in knee tissues. Our data suggest that IL-6 mediates the 
anti-inflammatory effects of rituximab; however, the mechanism underlying its antiarthritic activities warrants further investigation. 
Our data suggest that rituximab has great potential as an innovative therapy for suppressing arthritis progression. There are also some 
limitations in this study. The lack of immunohistochemistry and the absence of Western blotting experiments were limitations of the 
present study, which may be considered in future relevant studies. 

Our study shows that the anti-arthritic effect of rituximab occurs via the downregulation of NF-κB transcription factor and 
proinflammatory mediators in splenic B cells and knee tissues. Rituximab treatment is expected to ameliorate RA disease progression 
by suppressing proinflammatory mediators in CIA mice. Therefore, our results suggest that the downregulation of NF-κB signaling and 
proinflammatory mediators by the anti-CD20 monoclonal antibody rituximab could be helpful to as a potential treatment for RA. 
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