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A B S T R A C T   

Rheumatoid arthritis is a chronic systemic autoimmune disease that involves mainly synovitis and 
joint injury and is one of the main causes of disability. The pathogenesis of rheumatoid arthritis is 
complicated, and the treatment cycle is long. The traditional methods of inhibiting inflammation 
and immunosuppression are no longer sufficient for treatment of the disease, so there is an urgent 
need to seek new treatments. The exocrine microenvironment is a kind of microvesicle with a 
lipid bilayer membrane structure that can be secreted by most cells in the body. This structure 
contains cell-specific proteins, lipids and nucleic acids that can transmit this information from one 
cell to another. To achieve cell-to-cell communication. Exocrine microRNAs can be contained in 
exocrine cells and can be selectively transferred to target receptor cells via exocrine signaling, 
thus regulating the physiological function of target cells. This article focuses on the pathological 
changes that occur during the development of rheumatoid arthritis and the biological regulation 
of exocrine and exocrine microRNAs in rheumatoid joints. Research on the roles of exocrine and 
exocrine microRNAs in regulating the inflammatory response, cell proliferation/apoptosis, 
autophagy, effects on fibroblast-like synoviocytes and immune regulation in rheumatoid arthritis 
was reviewed. In addition, the challenges faced by this new treatment are discussed.   

1. Introduction 

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease characterized by the infiltration of synovial inflam-
matory cells in the articular cavity and bone erosion caused by the formation of pannus [1]. RA involves mainly the small joints of the 
extremities and has the pathogenic characteristics of multi-joint and symmetrical joints [2]. In addition, RA can also cause 
extra-articular injuries, including rheumatic nodules, heart disease, kidney damage, vascular inflammation, pulmonary fibrosis, and 
skin and nervous system damage [3,4]. Epidemiological surveys show that the global incidence of RA is approximately 1% [5]. The 
exact cause of RA remains unclear, but numerous studies indicate that its development is closely linked to genetic factors [6–8]. 
Without prompt treatment, RA patients may experience joint deformities, restricted mobility, and in severe cases, loss of function. 
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These outcomes can impose significant burdens on both individuals and society [9].With the increase in the number of patients, how to 
diagnose and treat RA patients as soon as possible, explore new treatment strategies to control the progression of RA, and reduce or 
prevent the damage caused by this disease have become hot issues. 

The traditional treatment for RA involves oral drugs, among which nonsteroidal anti-inflammatory drugs (NSAIDs) (including 
salicylic acid, diclofenac, celecoxib, and piroxicam) are used to relieve local swelling and pain, reduce periarticular inflammation and 
reduce patient pain [10,11]. NSAIDs can inhibit the activity of cyclooxygenase (COX) and thus reduce prostaglandin synthesis (PG) to 
exert anti-inflammatory and analgesic effects [12]. In addition, corticosteroids (including prednisone and methylprednisolone) also 
have good anti-inflammatory and analgesic effects and can bind to glucocorticoid receptors to regulate the expression of inflammatory 
factors and related immune genes, thereby relieving the local inflammatory response, relieving local pain and exerting immuno-
modulatory effects [13,14]. However, NSAIDs and corticosteroids have more side effects, including gastrointestinal reactions, ulcers, 
and osteonecrosis [15]. Anti-rheumatic drugs (DMARDs) are immunosuppressants that are the core drugs for the treatment of RA and 
can be used to prevent and slow the progressive damage of rheumatoid tissue [16]. DMARDs takes effect slowly, but they can 
continuously alleviate the disease activity of patients, fundamentally inhibit the progressive injury of tissues and joints, and delay or 
prevent the development of the disease [17]. Traditional synthetic DMARDs are indispensable classical drugs for the treatment of RA. 
Although the chemical structures and pharmacological mechanisms of these drugs are not the same, their clinical and pharmacological 
characteristics are similar, and take effect slowly. Symptoms and signs are gradually alleviated after weeks or even months of 
medication [18]. Representative drugs include methotrexate (MTX), sulfasalazine (SSZ), leflunomide (LEF), and the novel synthetic 
drug iguratimod (IGU), among others. Traditional DMARDs have good efficacy and a low price and can be used by a wide range of 
people. However, the mechanism of action of these agents is unclear, and gastrointestinal adverse reactions can easily occur [19]. 
Biological disease-modifying antirheumatic drugs (bDMARDs) are used to treat patients with moderate to severe rheumatoid arthritis 
(RA) who have shown an inadequate response or intolerance to methotrexate (MTX) and other conventional synthetic DMARDs [20]. 
bDMARDs include mainly tumor necrosis factor-α (TNF-α) inhibitors, interleukin-6 (IL-6) antagonists, and costimulatory factor 
modulators. bDMARDs are characterized by special targeting factors, but the costs are higher than those of other treatment methods, 
and the economic burden of patients is greater [21]. 

Currently, the main treatment strategy for RA is to alleviate symptoms and slow the progression of the disease; however, this 
approach cannot repair damaged tissue, and there have been no great breakthroughs in this treatment. Patients suffering from RA often 
require long-term medication, which places substantial psychological and economic strain on them [22]. With the deepening of 
modern medical research, many protein targets have been found to play important roles in immune regulation and inflammation and 
to play important roles in the prevention and treatment of RA. For example, IL-6, IL-10, IL-17, JAK and other target proteins have been 
found to be strongly related to the abnormal immune response in RA [23–26]. Reactive oxygen species (ROS), lipoxygenin (LXs) and 
other small-molecule metabolites are also important participants in the pathological progression of RA [27,28]. Exosomes are 
nanoscale lipid bilayer vesicles with a size range of approximately 30–150 nm that are secreted by various cells (released via fusion of 
intracellular multivesicular bodies with the plasma membrane) and play important roles in intercellular communication. These 
exosomes can carry a variety of biomolecules, including proteins, lipids, mRNAs and miRNAs, and mediate processes such as 
inflammation, immune regulation, cell migration, and intercellular signaling [29]. Exosomes play a vital role in the treatment of a 
variety of diseases, such as osteoarthritis, lumbar disc herniation, diabetes, cardiovascular disease, AIDS, chronic inflammatory dis-
eases, and cancer [30–36]. This review provides a comprehensive overview of the latest research advancements concerning exosomes 
and crucial miRNAs contained within them for the treatment of RA. It explores the mechanisms underlying the actions of upregulated 
or downregulated exosomal miRNAs in RA, as well as the challenges anticipated in future applications. 

2. Pathogenesis of RA 

The pathogenesis of RA is complex and not fully understood, but several hypotheses have been proposed. Research has shown that 
immune abnormalities can present several months to years before the patient becomes symptomatic [37]. Environmental factors and 
epigenetic interactions may lead to modifications in self-antigens. For example, histones and immunoglobulin G (IgG) can undergo 
citrullination [38]. Due to the strong association between RA susceptibility and the HLA-DR1 and HLA-DR4 genes, the autoimmune 
system in the body may recognize citrullinated proteins as foreign antigens [39,40]. Antigens are captured by antigen-presenting cells 
(APCs), which mainly include monocytes-macrophages, dendritic cells, and B cells [41]. Among these APCs, dendritic cells have the 
strongest antigen-presenting ability and can induce immune responses when activated. Air pollution is also associated with the 
development of RA. The mechanism involved may be that reactive oxygen species (ROS) generated by the inhalation of coarse par-
ticulate pollutants can activate nuclear factor-kappaB, leading to the activation of helper T cells and the release of inflammatory 
factors. These inflammatory factors promote the maturation of dendritic cells, which then present self-antigens to T lymphocytes for 
autoimmune reactions, resulting in local joint inflammation and bone tissue erosion [42–44]. In addition, during infection, immune 
cells cause local inflammation and produce a large number of inflammatory cells, reactive oxygen species, and inflammatory factors 
(such as prostaglandins, leukotrienes, tumor necrosis factor-alpha, interleukin-2, IL-6, and interferon-gamma). Among them, ROS can 
activate multiple signaling pathways related to RA disease (such as nuclear factor kappaB, protein kinase B, and c-Jun N-terminal 
kinase), leading to joint damage [45–47]. Cyclooxygenase-2 (COX-2) is a key enzyme involved in the synthesis of prostaglandins and 
leukotrienes from arachidonic acid (AA). When inflammatory factors are induced, COX-2 is highly expressed, promoting the synthesis 
of prostaglandins and exacerbating the inflammatory response [48]. 5-Lipoxygenase (5-LOX) catalyzes the production of leukotriene 
B4 (LTB4) from AA, which can upregulate the levels of TNF-alpha and IL-1beta and directly activate white blood cells to release ROS 
and proteinases, leading to synovial damage [49,50]. 
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In the study of the pathogenesis of RA, the gut microbiota is believed to play an important role in the development and progression 
of RA [51]. Dysbiosis of the gut microbiota reportedly leads to the activation of certain autoimmune pathways, such as changes in 
intestinal permeability; stimulation of APCs via Nod-like receptors (NLRs); and promotion of T-cell differentiation, which exacerbates 
mucosal inflammation [52]. Studies have shown that the composition of the gut microbiota in early RA patients is different from that in 
control individuals as RA patients generally a higher abundance of Streptococcus salivarius and a lower abundance of Bacteroides 
[53–55]. In addition, the release of inflammatory cytokines stimulates the activity of osteoclasts and fibroblast-like synoviocytes 
(FLSs), and increased osteoclast activity leads to disruption of the bone remodeling balance, resulting in erosion of the joint surface 
[56,57]. FLSs also release matrix metalloproteinases (MMPs), which can degrade the extracellular matrix and damage articular 
cartilage, exacerbating joint deformities [58]. Furthermore, FLS can stimulate the expression of receptor activator of nuclear 
factor-kappaB ligand (RANKL), which allows the surface proteins of osteoclasts to bind T cells, thereby increasing osteoclast activity 
and damaging the bone tissue of the joint [59,60]. (Fig. 1). 

3. Advancements in biologic therapy for RA 

Traditional oral medications for the treatment of RA often cause numerous adverse reactions or contraindications, whereas new 
biologics exhibit advantages such as good efficacy, high selectivity, and fewer toxic side effects [61,62]. Representative biologics 
include inhibitors of tumor necrosis factor-alpha (TNF-α), the interleukin (IL) class, B-cell depletion agents, and T-cell blockers. The 
commonly used biologics for treating RA are presented in Table 1. TNF-α is an important cytokine that leads to bone destruction and 
indirectly promotes the generation of osteoclasts, which participate in the RA-related bone erosion process [63]. TNF-α inhibitors were 
the first biologics used for the treatment of RA and are currently the most utilized and researched biologics [64]. Recent clinical studies 
have shown that TNF-α inhibitors increase the risk of tuberculosis [65,66]. IL-1, IL-6, and IL-17 are expressed at high levels in RA 
patients and are considered key cytokines in the pathogenesis of RA, leading to pathological changes and joint damage; therefore, 
inhibiting or reducing the binding of ILs to their receptors is an important direction in RA drug development [67–69]. Clinical studies 
have shown that tocilizumab, a humanized anti-IL-6 receptor monoclonal antibody, effectively improves symptoms and signs in pa-
tients who respond poorly to TNF-α inhibitors [70–72]. Immunological tests have found higher levels of B and T cells in RA patients, 
which promoted the production of a large number of proinflammatory factors and stimulated autoimmune responses. B-cell depletion 
agents work by dissolving B cells to exert therapeutic effects; however, their efficacy is not lower than that of TNF-α inhibitors, and 
there is an increased risk of reactivation of hepatitis B virus in patients with hepatitis B [73,74]. Although these biologics have 
relatively significant effects on the treatment of RA, their excessive suppression of immune function may lead to increased suscep-
tibility to infections and even trigger certain immune tolerance issues, and they are costly. Research on new-generation antibody 
biologics based on structural modifications continues to attract the attention of researchers. Certolizumabpegol is a recombinant, 
pegylated humanized monoclonal antibody with an antigen-binding fragment that can selectively target and neutralize TNF-α [75]. 
Due to the absence of an Fc fragment, this antibody has improved biosafety and can be used throughout pregnancy [75]. Another 
innovative biologic, vobarilizumab, is a monoclonal antibody targeting IL-6R. It comprises anti-IL-6R and anti-human serum albumin 
domains, exhibiting high affinity for its antigen [76]. Currently, in a phase II international clinical trial, vobarilizumab has already 
demonstrated significant efficacy [76]. 

Fig. 1. Five common pathogeneses leading to the occurrence and development of rheumatoid arthritis. APC, antigen-presenting cell; ROS, reactive 
oxygen species; TH, helper T cell; COX-2, cyclooxygenase-2; PGs, prostaglandins; LTs, leukotrienes; NLRs, Nod-like receptors; FLS, fibroblast-like 
synoviocytes; MMPS, matrix metalloproteinases (created with BioRender.com). 
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4. Exosomes and exosomal miRNAs 

4.1. Biogenesis and function of exosomes 

Exosomes are all kinds of vesicles with membrane structures released by cells. Because of their different diameters and modes of 
occurrence, exosomes can be divided into four subgroups: exosomes (exosomes, diameter 30–150 nm), microvesicles (diameter 
100–1000 nm), apoptotic bodies (apoptotic bodies, diameter 100–5000 nm) and carcinosomes (oncosomes, diameter 1–10 μm) [100]. 
Among them, the study of exosomes is the most common. Exosomes were first found in reticular cells more than 30 years ago and have 
a phospholipid bilayer structure similar to that of the cell membrane [101]. One of the most common sources of exosomes is various 
cell lines, including tumor cells, immune cells (such as lymphocytes and macrophages), stem cells, and epithelial cells, among others 
[102]. Additionally, extracellular vesicles can be found in plasma and various body fluids and have been identified in cerebrospinal 
fluid (CSF), serum, breast milk, saliva, urine, synovial fluid, and other body fluids [103]. Exosomes originate from multivesicular 
bodies (MVBs) within the endocytic system and are released into the extracellular environment after MVBs come into contact with and 
fuse with the plasma membrane [103]. In addition, in T cells, exosomes can be released directly from discrete regions of the plasma 
membrane to the extracellular space [104]. Recent studies suggest that the key regulatory molecules affecting the formation and 
release of MVBs/exosomes include the endosomal sorting complex required for transport (ESCRT), which is required for transport, and 
members of the RabGTPase family (such as Rab11, Rab27 and Rab35) [105,106]. The specific process of exosome biogenesis is as 
follows: Intraluminal vesicles (ILVs) are initially formed within the lumen of endosomal compartments through endosomal membrane 
invagination. ILVs further internalize to form MVBs via ESCRT. MVBs can subsequently follow three pathways: 1. They can move 
toward the plasma membrane and fuse with it, leading to the release of exosomes into the extracellular space, thus generating 

Table 1 
Biological preparation information for the treatment of RA.  

Biological 
preparation 

Molecular 
target 

Biological function The most common side effects Reference 

Bucillamine Other In the presence of Ca++, gamma globulin can be inhibited Nonspecific mucosal and skin reactions [77] 
Actarit Other Inhibition of T lymphocyte activation Abnormal digestive system and kidney 

function 
[78] 

Leflunomide Other Inhibits the proliferation of lymphocytes and B cells Diarrhea, pruritus and reversible 
elevated liver enzymes 

[79] 

Tacrolimus Calcineurin Inhibits the release of interleukin-2 (IL-2) and completely 
inhibits the effect of T lymphocytes 

Hypertension [80] 

Iguratimod COX-2 Anti-inflammatory, inhibition of immunoglobulin and cytokine 
production, anti-bone resorption and bone formation 

Gastrointestinal reaction and elevated 
aminotransferase 

[81] 

Tofacitinib 
citrate 

JAKs Inhibition of Janus kinase Infectious disease [82] 

Baricitinib JAK1,JAK2 Selective inhibition of JAK1 and JAK2 Headache, upper respiratory tract 
infection 

[83] 

Adalimumab TNF-α Specifically bind to TNF- α and block its interaction with TNF 
receptors on the surface of P55 and p75 cells 

Infection, injection site reaction [84] 

Enbrel TNF-α Inhibition of biological activity of tumor necrosis factor Infection [85] 
Certolizumab 

pegol 
TNF-α Inhibition of biological activity of tumor necrosis factor Injection site reaction, headache, nausea [86] 

Infliximab TNF-α Inhibition of biological activity of tumor necrosis factor Infection and infusion reaction [87] 
Golimumab TNF-α Targeting and neutralizing TNF to prevent inflammation and 

destruction of cartilage and bone 
Upper respiratory tract infection, nasal 
and throat stimulation 

[88] 

Tocilizumab IL-6R Bind soluble and membrane-bound IL-6 receptors (sIL-6R and 
mlL-6R) and inhibit sIL-6R and mlL-6R-mediated signal 
transduction 

Upper respiratory tract infection [89] 

Sarilumab IL-6R Inhibits the activity of IL-6R Infection [90] 
Satralizumab IL-6R Inhibits the activity of IL-6R Infection [91] 
Anakinra IL-1 Competitive binding of type 1 and type II IL-1 receptors partially 

blocked the cellular response mediated by IL-1a and IL-1 
Sinusitis, headache, gastrointestinal 
reaction 

[92] 

Canakinumab IL-1 Block IL-1-mediated inflammatory response Infection, abdominal pain and injection 
site reaction 

[93] 

Secukinumab IL-17A Selectively bind human interleukin-17A (IL-17A) and neutralize 
the biological activity of this cytokine 

Nasopharyngitis, rhinitis [94] 

Xekizumab IL-17A It can specifically bind to cytokine IL-17A and inhibit the 
interaction between cytokine IL-17A and IL-17 receptor. 

Injection site reaction and upper 
respiratory tract infection 

[95] 

Ustekinumab IL-12,IL-23 Inhibiting the activation of Th1 and Th17 cells through specific 
binding with p40 subunit of IL-12/IL-23 

Joint pain, cough, headache [96] 

Abatacept CD80,CD86 Inhibition of T-cell activation by binding to CD80 and CD86 on 
antigen presenting cells 

Headache, upper respiratory tract 
infection, nasopharyngitis and nausea 

[97] 

Rituximab CD20 Specifically bind to the transmembrane antigen CD20 Infection, blood and lymphatic system 
abnormalities 

[98] 

Bevacizumab VEGF Inhibition of biological activity of human vascular endothelial 
growth factor(VEGF) 

Gastrointestinal reaction, hypertension [99]  
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exosomes; 2. MVBs can participate in the synthesis of intracellular organelles, such as melanosomes; 3. MVBs can fuse with lysosomes 
under the regulation of relevant genes for recycling and reutilization [107–109]. 

Exosomes consist of a wide range of cellular molecules, such as lipids, proteins, carbohydrates, DNA and RNA [110], and the 
structure of the lipid bilayer protects active molecules from extracellular degradation and smooth transmission to recipient cells to 
perform a variety of biological functions [111]. The exosome bilayer is rich in a variety of transmembrane proteins, such as CD9, CD63, 
CD37, CD81, and CD82; heat shock proteins, such as Hsp60, Hsp70, Hsp90, and ALG-2 interacting protein X (Alix); and the tumor 
susceptibility gene 101 protein (Tsg101). In addition, the exosome bilayer also contains specific proteins that reflect its parent cells to a 
large extent. These proteins include adhesion molecules, membrane transport molecules, cytoskeleton molecules, cytoplasmic en-
zymes, signal transduction proteins and cell-specific antigens [112–116]. Currently, studies have shown that almost all cells can 
transfer specific nucleic acids, proteins and lipids between cells by secreting exosomes to play an important role in intercellular 
communication and play a key role in the maintenance of protein and lipid homeostasis [117,118]. Exosomes may be beneficial or 
harmful in the process of exerting their biological effects. For example, exosomes are involved in basic physiological processes, such as 
neuronal communication, antigen presentation, immune response and organ development [119–122]. Exosomes also play an 
important role in the occurrence and development of diseases, including the progression of cancer, cardiovascular disease and 
inflammation [123–125]. Research indicates that exosome secretion is a naturally occurring process, and the intensity of this process 
also changes correspondingly when cells are in a stressed or signal-activated state [126–128]. Exosomes are stably present in almost all 
body fluids, and the heterogeneity in the size and cargo of extracellular vesicles reflects the cellular status and type differences of their 
originating cells [129]. Therefore, exosomes have extremely important clinical significance in the diagnosis and prognosis of patients 
and in the monitoring of disease progression (Fig. 2). 

4.2. Exosomes and miRNAs 

Exosome miRNAs are miRNA molecules that exist within extracellular vesicles. These miRNAs can be disseminated in body fluids 
through the release of extracellular vesicles, thereby influencing the gene expression and biological functions of other cells. Due to the 
significant regulatory role of miRNAs in gene expression, exosomal miRNAs have also been extensively investigated. In 2007, VALADI 
et al. [130] first described the presence of miRNAs in exosomes, which can be transferred to receptor cells to play a related role. To 
date, 2838 kinds of miRNAs have been found in exosome bodies, and the expression levels of these exosome miRNAs differ according to 
disease and physiological conditions [131,132]. The types of exosomal miRNAs mainly include cell-derived miRNAs, which originate 
from cells and are released into the extracellular environment through the secretion of exosomes [133]. These cell-derived miRNAs 
may be involved in the cellular regulation of gene expression; environment-responsive miRNAs; the release of several exosome 
miRNAs is regulated by environmental stimuli, and these miRNAs may play important roles in responding to environmental stress; 
signaling-regulatory miRNAs and exosome miRNAs are considered to be molecules that can transmit signals between cells and can 
influence the gene expression and function of target cells; and disease-associated miRNAs and some exosome miRNAs are associated 

Fig. 2. Biogenesis and biological characteristics of exosomes. Exosomes are secreted and generated by extracellular vesicles with a lipid bilayer in 
which a variety of transmembrane proteins, such as CD9, CD63, CD37, CD81, and CD82, and heat shock proteins, such as Hsp60 and Hsp70, are 
present and are able to perform multiple immune functions. These genes are involved in the regulation of gene transcription and translation, 
homeostasis of the immune response, regulation of central and peripheral immunity, antigen presentation, etc. (created with BioRender.com). 
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with the occurrence and development of diseases; therefore, they are studied as potential biomarkers or therapeutic targets [134]. 
MicroRNAs (miRNAs) are a class of endogenous noncoding small RNA molecules ranging in length from 18 to 25 bp, that exist in 
eukaryotic organisms. Most mature miRNA molecules specifically bind to the 3′ untranslated region (3′-UTR) of downstream target 
mRNAs through base pairing, resulting in degradation and translational inhibition of the targeted mRNA. This posttranscriptional 
regulation of gene expression plays a role in cellular-level regulation [135,136]. In addition to their intracellular functions, miRNAs 
can also be secreted through exosomes, allowing them to be transferred to nearby or distant cells for gene expression regulation [137]. 
A single miRNA can regulate the expression of multiple mRNA molecules, and the expression of a single mRNA molecule can be 
regulated by multiple miRNAs, forming a complex miRNA regulatory network [138]. This multidirectional regulation enables miRNAs 
to have multifunctional effects on tissue microenvironment homeostasis, pathological progression, mechanistic effects, and thera-
peutic aspects [139]. With the advancement of molecular research, exosomal miRNAs have been actively studied in the field of 
rheumatoid arthritis (RA) in recent years. It has been confirmed that exosomal miRNAs play a role in immune regulation, cell pro-
liferation and apoptosis, autophagy, inflammatory responses, and ferroptosis in RA [140–142]. The pathological progression of RA is 
closely associated with the imbalance of exosome-related miRNAs and their regulated mRNAs [143]. 

5. The function of exosomal and exosomal miRNAs in rheumatoid arthritis 

Intracellular miRNAs play a crucial role in regulating gene expression. Additionally, miRNAs can be transferred through extra-
cellular vesicles, known as exosomes, and they also play a significant role in RA. These upregulated or downregulated miRNAs have 
significant impacts on the development of RA. miR-155 has been demonstrated to be upregulated in the exosomes of RA patients, and it 
enhances inflammatory responses by promoting the expression of proinflammatory factors such as tumor necrosis factor-α (TNF-α) 
[144]. Upregulated miR-155 is associated with disease activity and severity in RA [145]. Upregulated miR-16 in RA promotes the 
invasion of fibroblast-like synoviocytes, which has negative effects on joint destruction and sustained inflammation [146]. It has been 
found that miR-146a is upregulated in the exosomes and synovial tissues of RA patients and participates in regulating inflammatory 
responses by targeting multiple components of the NF-kB signaling pathway [147]. Although miR-146a seems to play a proin-
flammatory role in the early stage of this disease, it may also have negative regulatory effects on immune responses [147]. In addition, 
studies have confirmed the upregulation of miR-203 in RA patients, which enhances the secretion of MMP-1 and IL-6 through the 
NF-κB pathway, thereby promoting the activated phenotype of synovial fibroblasts in RA [148]. miR-223 is considered to be a po-
tential protective factor in RA, and its downregulation is commonly observed in RA patients and may lead to increased activation of 
synovial fibroblasts and exacerbation of inflammation [149]. In recent years, exosomes and exosomal miRNAs have become the 
research focus of RA therapy. The results of the existing studies of exosomes and exosomal miRNAs in RA were summarized and 
classified according to the underlying mechanisms involved, and the progress of related research on the roles of exosomes and exo-
somal miRNAs in extracellular matrix inflammation, cell proliferation, apoptosis, autophagy, angiogenesis, oxidative stress, immune 
regulation and effects on FLSs was reviewed (Fig. 3, Table 2). 

Fig. 3. Exosomes and exosomal miRNAs ameliorate RA by regulating local oxidative stress, the inflammatory response, angiogenesis, and cellular 
autophagy in joints. 
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5.1. Exosomes and exosomal miRNAs participate in the inflammatory response during the development of RA 

During the occurrence and development of RA, inflammatory reactions are closely related to the pathological state [165]. In-
flammatory reactions are caused by a variety of proinflammatory factors and oxidative stress factors in the body and lead to disorders 
of bone metabolism, increased osteoclast activity and bone destruction [166]. An increasing number of studies have shown that 
exosomes and exosomal miRNAs play important roles in the development and progression of RA [141,167]. Exosomes in the NF-κB 
signaling pathway regulate inflammation by affecting the polarization of macrophages [168]. On the other hand, inflammation further 
affects the release of cytokines and the internalization of secreted exosomes. These proinflammatory signals regulate osteoclast dif-
ferentiation through receptor activators of the NF-κB pathway and affect the activity of osteoblasts through the Wnt pathway, resulting 
in the destruction of the metabolic balance in bone [169]. HUCMSC-exos carrying miR-140-3p improved the pathological changes 
observed in RA; inhibited inflammation, oxidative stress and fibrosis; and inhibited the growth of synovial fibroblasts by inhibiting the 
expression of SKG1 [157]. Similarly, RAC2 was found to be an important hub in the analysis of the RA molecular interaction network. 

Table 2 
The role of exosomal miRNAs in RA.  

Exosomes 
miRNAs 

Donor Regulation and 
control approach 
（Targets ） 

Biological function Upward/ 
downward (in 
RA) 

MiRNA types Reference 

miR-155 Serum SHP-1,SOCS1 Targeted inhibition of SHP-1 and SOCS1 to 
enhance STAT3 activity 

Upward Signaling-regulatory [144] 

MiR-146a Synovial 
tissue/fluid 

TRAF6, IRAK1 Regulating TLR and cytokine signaling 
pathways to inhibit their target genes TRAF6 
and IRAK1 

Upward Disease-associated [147] 

miR-150-5p MSCs MMP14,VEGF The migration and invasion of synovial 
fibroblasts (FLS) in RA were reduced by 
targeting MMP14 and VEGF 

Downward Disease-associated [150] 

miR-204-5p Plasma Not mentioned Inhibits the activation of FLS by targeting 
genes related to cell proliferation and invasion 

Upward Signaling-regulatory [151] 

miR-124a MSCs Not mentioned Inhibits the proliferation and migration of FLS 
and promote the apoptosis of the cells during 
coincubation. 

Downward Signaling-regulatory [152] 

miR-125b LGMSC PRDM1 Significantly reduces the proportion of CD19+, 
CD20 -, CD27+, CD38+plasma cells in 
peripheral blood mononuclear cells 

Downward Signaling-regulatory [153] 

miR-6089 MSCs TLR4 Inhibits lipopolysaccharide (LPS)-induced cell 
proliferation and activation of macrophage- 
like THP-1 cells, and reduce inflammatory 
response 

Downward Signaling-regulatory [154] 

miR-223 BMSCs NLRP3 Targeting NLRP3 to regulate the activation of 
inflammatory bodies 

Downward Signaling-regulatory 
and environment- 
responsive 

[155] 

miR-205-5p BMSCs MDM2,MMP, 
MAPK,NF-κB 

Inhibition of pro-inflammatory cytokines, 
MMP, MAPK and NF- κ B pathways in RA 

Downward Signaling-regulatory [156] 

miR-140-3p HUCMSCs SGK1 Inhibits inflammation, oxidative stress and 
fibrosis, inhibits the growth of FLS and reduces 
joint injury 

Downward Signaling-regulatory [157] 

miR-486-5p RA-FLSs Tob1/BMP/Smad Activation of BMP/Smad signaling pathway 
and inhibition of Tob1 to promote osteoblast 
differentiation 

Downward Signaling-regulatory [158] 

miR-103a Macrophage HNF4A,JAK/ 
STAT3 

Promote inflammation and angiogenesis Upward environment- 
responsive 

[159] 

miR-106b RA-FLSs PDK4 Inhibition of proliferation and migration of 
chondrocytes 

Downward Signaling-regulatory [160] 

miR-424 RA-FLSs FOXP3 T-cell differentiation was significantly 
induced, in which Th17 cells increased and 
Treg cells decreased. 

Upward Signaling-regulatory [161] 

miR-192-5p BMSCs RAC2 Reduces joint destruction and inflammation Downward Signaling-regulatory [162] 
miR-548a- 

3p 
Not 
mentioned 

TLR4/NF-κB Inhibits the proliferation and activation of 
pTHP-1 cells and regulate inflammatory 
response 

Downward Signaling-regulatory [163] 

miR-17 Not 
mentioned 

TGFBR II Destroys the homeostasis of Tregs to promote 
the pathogenesis of RA 

Upward Disease-associated [164] 

miR-203 MSCs VEGF and its 
receptors 

The potential involvement of regulating 
angiogenesis by modulating VEGF and its 
receptors 

Upward Disease-associated [195] 

miR-17-5p Not 
mentioned 

TGF-β By targeting multiple genes associated with 
angiogenesis, it exerts its effects 

Upward Signaling-regulatory [196] 

miR-124 Plasma Not mentioned Regulating oxidative stress response to protect 
bone tissue 

Downward environment- 
responsive 

[207]  
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MiR-192-5p is found in high amounts in exosome bodies derived from bone marrow mesenchymal stem cells (MSCs) and targets RAC2. 
MiR-192-5p inhibits the inflammatory response by downregulating the release of the proinflammatory factors TNF-α, prostaglandin E2 
(PGE2), and nitric oxide (NO) in RA serum and synovial tissue [162]. The expression levels of exosome-related miR-155 are increased 
in the blood and synovial tissues of RA patients and are associated with disease activity [144]. miR-155 can promote the production of 
inflammatory cytokines, such as TNF-α, by targeting inhibitory signaling molecules such as SHP-1 and SOCS1 to increase the activity of 
the signaling transducer and transcription activator STAT3, thereby promoting the progression of RA-related inflammation [144]. In 
addition, miR-146a is upregulated in synovial cells and exosomes from RA patients. miR-146a can regulate Toll-like receptor (TLR) and 
cytokine signaling pathways by blocking its target genes TRAF6 and IRAK1, thus limiting the inflammatory response [147]. 

5.2. Exosomes and exosomal miRNAs are involved in regulating cell proliferation, apoptosis and autophagy in RA 

An imbalance in apoptosis regulation is an important mechanism in the pathogenesis of RA and often leads to abnormal cell 
proliferation or excessive death [170]. Although synovial tissue cells can induce apoptosis and inhibit cell proliferation by regulating 
the Fas/FasL pathway, this mechanism is obviously defective in RA [171]. Exosomes contain cell-specific factors that can mediate their 
selective targeting [172]. Therefore, exosomes can effectively transfer miRNAs to targets, which is a potential tool for the treatment of 
RA. MSC-derived exosomal miR-150-5p has been shown to be involved in T-cell maturation, so miR-150-5p is closely related to 
autoimmune diseases [173]. In recent studies, it has been found that the extracellular vesicle miR-150-5p is capable of downregulating 
the proliferation of MMP14 and VEGF cells, promoting their apoptosis [150]. Exosome bodies harboring miRNA-221 mediate 
inflammation and TLR4 signal transduction through fusion with chondrocytes, resulting in abnormal chondrocyte proliferation [174]. 
Reducing the expression of miR-221 can promote the apoptosis of FLSs and regulate the normal growth of chondrocytes [174]. In 
addition, studies have shown that T lymphocytes from normal humans release exosomes containing a large amount of miR-204-5p in 
vitro, which can be transferred to FLSs and inhibit cell proliferation [151]. 

Autophagy is an endogenous self-protective mechanism that occurs under stress conditions. Autophagosomes encapsulate damaged 
organelles, misfolded proteins and intracellular pathogens to form autophagic lysosomes, which are degraded, recycled and reused for 
cellular energy and function. This dynamic cycle process is called autophagy flow and plays an important role in maintaining intra-
cellular homeostasis [175,176]. The expression of autophagy-related proteins (Beclin1 and ATG5) in the joint synovium of patients 
with RA was significantly increased [177]. BMSC-exos can regulate autophagy through the miRNA-146a-mediated PI3K/Akt/mTOR 
signaling pathway, thus inducing the proliferation and apoptosis of FLSs [178]. Another study found that MSC-exos improved the 
degree of inflammation in vivo, inhibited apoptosis, enhanced cell matrix synthesis, and downregulated the expression of catabolic 
factors in vitro [179]. In addition, MSCs-exos can also affect the autophagy level of chondrocytes by regulating the mTOR inhibition 
pathway [180]. Activation of serum exosome bodies modified by transcription Factor 4 (ATF4) can alleviate cartilage degeneration or 
injury and inflammation in RA [181]. In addition, autophagy in the knee cartilage decreased. Further studies found that 
ATF4-modified exosomes can promote TNF-α-induced autophagy in chondrocytes and inhibit chondrocyte apoptosis, thus protecting 
cartilage and delaying the progression of this disease [181,182]. A recent study found that activating autophagy can promote the 
release of MSC exosomes, thus enhancing the therapeutic effect of MSCs on cartilage repair in patients with arthritis [183]. Autophagy 
in RA is closely related to apoptosis. Autophagy can antagonize apoptosis [184]. FLS-related exosomes can induce the formation of RA 
autophagosomes by enhancing the expression of Beclin-1. To promote autophagy in FLSs, apoptosis is inhibited, and the proliferation 
ability of FLSs is increased [185]. Therefore, the results of some studies on autophagy are contradictory and may be caused by dif-
ferences in cell types and exosome sources. 

5.3. Exosomes and exosomal miRNAs participate in angiogenesis during RA 

A significant number of FLSs are found in the synovial tissues of RA patients, and these FLSs have been demonstrated to generate 
various angiogenic factors, such as VEGF [186]. Angiogenesis not only provides a channel for the transport of inflammatory cytokines 
but also provides a source of nutritional supply for inflammatory cells [187]. Prolonged angiogenesis can lead to chronic alterations in 
the synovial tissue of rheumatoid arthritis (RA) patients [188,189]. Therefore, angiogenesis is considered to play a key role in the 
progression of RA. It is particularly important to explore the molecular factors that can inhibit angiogenesis in RA. VEGF is overex-
pressed in RA and promotes disease progression, and is regulated by miRNAs during angiogenesis [190]. The extracellular vesicle 
miR-150-5p directly inhibits VEGF upregulation by binding to its 3′UTR, reducing angiogenesis and alleviating local joint swelling 
[150]. In RA, synovial tissue produces a large number of cytokines that cause inflammatory cells to migrate to joints under inflam-
matory conditions, thus promoting the formation of new microvessels [191]. Moreover, the formation of new blood vessels exacerbates 
the local inflammatory response. It has been found that macrophage-derived exosomal miR-103a can target hepatocyte nuclear factor 
4α (HNF4α). Macrophage-derived miR-103a can also upregulate the expression of MMP14, VEGF and CD31 in membrane tissue by 
inhibiting the expression of HNF4α and activating the JAK/STAT3 signaling pathway, thus promoting the inflammatory response and 
angiogenesis in patients with RA [159]. Similarly, in another study, macrophage-derived exosomal miR-103a in cancer patients was 
shown to promote tumor angiogenesis [192], suggesting that macrophage-derived exosomal miR-103a may be a new target for 
blocking angiogenesis. In addition, studies have confirmed that the process of angiogenesis in the synovial tissue of RA patients is 
related to an imbalance between autophagy and immune function [193]. Exosome CircEDIL3 from SMSCs can target VEGF through the 
miR-485-3p/PIAS3/STAT3 axis, inhibit the expression of downstream VEGF, and slow local inflammation and angiogenesis [194]. 
Therefore, exosomal CircEDIL3 derived from SMSCs may be a new therapeutic drug for RA and has great potential for the treatment of 
RA and other diseases. The expression of miR-203 derived from MSCs is increased in the serum and synovial fluid of RA patients, 
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suggesting its potential involvement in regulating angiogenesis through the modulation of VEGF and its receptors [195]. Additionally, 
miR-17-5p is upregulated in exosomes from RA patients and may exert its effects by targeting multiple angiogenesis-related genes, 
such as TGF-β [196]. 

5.4. Exosomes and exosomal miRNAs participate in oxidative stress in the RA process 

Oxidative stress, also known as redox imbalance, is closely related to chronic inflammation [197]. In this case, reactive oxygen 
species (ROS) will continue to increase with time, and an increase in ROS will lead to the enhancement of oxidative stress and damage 
of redox signals, resulting in the destruction of cell or tissue function [198]. RA is an autoimmune disease characterized by chronic 
systemic inflammation. Therefore, there is a potential correlation between RA and oxidative stress. Neutrophils in the synovium in RA 
patients exhibit obvious expression of oxidative stress genes [199]. Mitochondrial DNA in patients with RA can directly stimulate 
isolated neutrophils and induce the expression of RANKL. This biological process regulates the proliferation of osteoclasts, disrupts the 
balance of bone formation and causes bone erosion in RA joints [200]. As an endogenous danger signal induced by oxidative stress, 
exosomes play an important role in the occurrence and development of chronic inflammatory osteoarthrosis [201]. It has been found 
that exosomal miR-140-3p from human umbilical cord mesenchymal stem cells (HUCMSCs) can inhibit the oxidative stress response in 
RA and reduce the release of intercellular inflammatory factors by silencing the expression of SGK1 [157]. Moreover, miR-140-3p, an 
exosome from HUCMSCs, promotes the apoptosis of FLSs by inhibiting SGK1 [157]. Similarly, exosomes derived from HUCMSCs have 
been used in previous studies to reduce inflammation and oxidative stress in mouse models of spinal cord injury [202]. Exosomes 
derived from HUCMSCs reportedly slow chondrocyte apoptosis and inhibit oxidative stress in inflammatory joint diseases [203]. In 
addition, miR-140-3p plays a positive role in oxidative stress in acute renal injury and liver injury [204,205]. Exosomes derived from 
HUCMSCs can be used as carriers of mi-140-3p to play a targeted role in the treatment of RA and delay its progression. MiR-146a is 
another miRNA found in the exosomes of RA patients. Research has shown that miR-146a may influence the oxidative stress pathway 
by regulating TNF receptor-associated factor 6 (TRAF6) and interleukin-1 receptor-associated kinase 1 (IRAK1) [206]. 
Exosome-associated miR-223 has been found to affect oxidative stress by reducing the expression of RhoB [155]. Although exosomal 
miR-124 has been studied more extensively in various central nervous system diseases, it has been suggested that miR-124 potentially 
regulates the host immune response and is associated with oxidative stress pathways in RA pathology [207]. 

5.5. Effects of exosomes and exosomal miRNAs on synovial fibroblasts 

FLSs are involved in joint injury and inflammation during the progression of RA. It has been reported that FLS-derived exosomes 
may stimulate CD4+ T cells by inhibiting cytokine activation-mediated cell death and caspase3 cleavage, upregulating interferon 
secretion and IL secretion, and enhancing the activation of the NF-kappa B pathway and AKT pathway [208]. Moreover, exosome 
bodies derived from FLSs can directly lead to bone degradation and destruction by secreting MMP1 [209]. Moreover, TNF-α can 
stimulate FLS-derived exosomes to secrete miR-221-3p. Exosome miR-221-3p can enter osteoblasts by regulating the Wnt signaling 
pathway and regulating bone metabolic bone formation-related genes (TCF4, Dkk2, Runx2, and ESR1) and inhibit osteoblast differ-
entiation and maturation via molecular mechanisms, thus affecting bone repair [208]. Moreover, studies have shown that exosomes in 
the plasma of patients with RA also have negative effects on disease progression and can stimulate monocytes in peripheral blood to 
release chemokines and proinflammatory factors, such as ILs and TNF [210]. Furthermore, plasma-derived exosomal miR-92a has an 
antiapoptotic effect on FLSs, which further leads to articular cartilage damage and bone destruction in patients with RA [211]. In 
addition, the FLS-derived exosome miR-106b has been confirmed to be able to be transferred to chondrocytes to affect chondrocyte 
production; inhibit chondrocyte proliferation and migration; and affect the RANKL/RANK/OPG system, ultimately interfering with 
cartilage formation by downregulating the expression of PDK4 [160]. Studies have shown that exosomal miRNA-124a derived from 
MSCs can inhibit the proliferation and migration of FLSs and promote their apoptosis. Importantly, the present study found that 
exosomes derived from MSCs are ideal tools for loading therapeutic miRNAs, which provides an idea for the development of new 
therapeutic models for RA [152]. In a drug intervention study, curcumin-loaded MSC-derived exosomes were shown to promote FLS 
apoptosis by altering cell membrane permeability and decreasing the membrane potential [212]. 

5.6. Immunomodulatory effects of exosomes and exosomal miRNAs in RA 

Exosomes derived from follicular-like dendritic cells (DCs) can regulate the adaptive immune response and innate immune 
response in humans [213]. Exosomes derived from DCs can effectively reduce the humoral immune response in a CIA model, which is 
an effective method for treating this disease [214]. Studies have shown that exosomes derived from DCs directly or indirectly induce 
immune cell subsets by releasing IL-4, which reduces the production and activity of antigen-reactive Th1 cells, thus improving the 
function of endogenous APCs and T cells and slowing the progression of RA [214]. To explore a new approach to the treatment of RA, 
Kim et al. [215] used DC-derived exosomes in a CIA mouse model after treatment with IL-10. DC-derived exosomes downregulated the 
expression of the heat shock protein HSP70 and inhibited the release of TNF-α and IL-1, thus inhibiting the autoimmune response and 
reducing the level of inflammation. In addition, exosomes derived from BMSCs can reduce the release of macrophage inflammatory 
factors, inhibit the autoimmune response, and mediate the activation of the NLR family pyrin domain-containing 3 (NLRP3) [216]. 
Moreover, exosomal miR-223 derived from MSCs has been shown to play an anti-inflammatory role and downregulate the immune 
response by targeting NLRP3 [155]. One study found that extracellular vesicle miRNA-125b derived from labial gland mesenchymal 
stem cells (LGMSCs) can significantly reduce the proportion of CD19+, CD20− , CD27+, and CD38+ plasma cells among peripheral 
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blood mononuclear cells by directly binding to its target gene PRDM1 [153]. It is well known that the T-cell activation-mediated 
immune response can accelerate the progression of RA. Therefore, eliminating T-cell activation is very important in the treatment 
of RA [217]. Regulatory T cells (Tregs) are a functional subset of suppressor T cells, and studies have shown that MSC-derived exo-
somes can enhance Treg cells and stimulate paracrine signaling in CIA mice (Fig. 4). Based on the findings of the present study, the use 
of MSC-derived exosomes could lead to a more effective immunosuppressive method for RA therapy [218]. In addition, studies have 
shown that extracellular vesicles derived from RA FLSs and macrophages can influence adaptive and innate immune responses. For 
instance, these extracellular vesicles may affect the activation and differentiation of lymphocytes, promote the production of in-
flammatory factors such as TNF-α and IL-1β, and enhance immune-related inflammatory processes. 

6. Discussion 

With the deepening of research on RA, new therapeutic concepts have been proposed. The study of noncoding RNAs, especially 
microRNAs (miRNAs), which have gradually transitioned from animal experiments to clinical trials, is of particular interest. Due to the 
ability of exosomes and miRNAs to serve as mediators of intercellular communication and regulate immune responses by altering the 
gene expression of target cells, these molecules have the potential to become novel therapeutic approaches for RA treatment. 
Currently, multiple studies have shown that exosomes from MSCs are ideal carriers of miRNAs and have high biological stability, good 
immune tolerance, and biological targeting potential. Exosomes from different sources have different biological functions. For 
example, in RA lesions, exosomes produced by synovial cells may induce excessive proliferation of FLSs and inhibit their apoptosis, 
leading to local inflammation and cartilage destruction. Exosomes can carry a variety of substances, including proteins, lipids, and 
nucleic acids, and transmit signals between cells through their double-layered lipid membrane structure without being cleared by the 
immune system, suggesting that they have great potential as biomarkers and for targeted drug delivery. Current research has focused 
mainly on exploring how exosomes and their miRNAs regulate inflammatory responses and affect the activity of FLSs in RA, and little 
attention has been given to their role in improving the immune microenvironment [219–221]. Given the diversity of miRNAs and their 
close relationship with the pathogenesis of RA, miRNAs carried by exosomes from various sources show great therapeutic potential as 
carriers of targeted therapy or as targets themselves. However, this new therapeutic concept has not yet demonstrated its full potential 
or advantages, as it faces many challenges, and research on the role of exosomes and their miRNAs in RA is relatively limited. Based on 
the progress of the current research, how to better eliminate abnormal immune inflammatory responses and repair damaged bone 
tissue depends on the improvement of the immune microenvironment and the balance of cell proliferation and apoptosis. In this 
process, screening for exosomal miRNAs with high biological activity and broad selectivity that can participate in various pathological 
stages of RA is crucial. Moreover, increasing the half-life of exosomes in the body and enhancing their targeting specificity are 
important and difficult tasks. In addition, long noncoding RNAs (lncRNAs) contained in exosomes and lncRNAs associated with 
exosomal miRNAs are worthy of further research and attention. 

Exosomes and exosomal miRNAs have demonstrated immense potential in alleviating symptoms of RA. However, as therapeutic 
tools, their core issues remain unresolved. These issues can be solved by enhancing the targeting efficiency and duration of action of 
exosomes, establishing criteria for selecting appropriate sources of exosomes, standardizing the extraction process, and addressing 
relevant ethical concerns. Currently, no clinical trials have been conducted on the use of exosomes and their miRNAs in the treatment 
of RA. In summary, this novel therapeutic concept and strategy present challenges in the treatment of RA patients, and it is imperative 
to urgently address these issues. 
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[24] Y. Degboé, B. Rauwel, M. Baron, et al., Polarization of rheumatoid macrophages by TNF targeting through an IL-10/STAT3 mechanism, Front. Immunol. 10 

(2019) 3, https://doi.org/10.3389/fimmu.2019.00003. 

Fig. 4. Mesenchymal stem cell-derived exosomes as immunomodulatory carriers in the treatment of disease (generated with BioRender.com).  

Y. Liu et al.                                                                                                                                                                                                             

https://doi.org/10.3390/cells10112857
https://doi.org/10.1016/S0140-6736(16)30173-8
https://doi.org/10.1002/ca.22980
https://doi.org/10.1016/S0140-6736(01)06075-5
https://doi.org/10.1371/journal.pone.0280846
https://doi.org/10.1001/jama.2022.0786
https://doi.org/10.1097/BOR.0000000000000128
https://doi.org/10.3390/ijms21144911
https://doi.org/10.1016/j.rdc.2019.01.011
https://doi.org/10.1016/j.rdc.2019.01.011
https://doi.org/10.18043/ncm.78.5.337
https://doi.org/10.18043/ncm.78.5.337
http://refhub.elsevier.com/S2405-8440(24)04158-6/sref11
https://doi.org/10.1016/j.biopha.2016.02.001
https://doi.org/10.1080/21691401.2018.1460373
https://doi.org/10.2174/15680266113139990091
https://doi.org/10.2174/15680266113139990091
https://doi.org/10.3389/fimmu.2021.686155
https://doi.org/10.1097/01.bor.0000218946.35107.36
https://doi.org/10.1097/01.bor.0000218946.35107.36
https://doi.org/10.1136/ard.2004.033399
https://doi.org/10.1136/ard.2004.033399
https://doi.org/10.1007/s11926-012-0275-1
https://doi.org/10.1016/j.jconrel.2017.02.032
https://doi.org/10.1016/j.jconrel.2017.02.032
https://doi.org/10.1016/j.rdc.2022.03.005
https://doi.org/10.2174/1573397116666201216164013
https://doi.org/10.2174/1573397116666201216164013
https://doi.org/10.1177/0036933015592761
https://doi.org/10.1080/1744666X.2017.1295850
https://doi.org/10.3389/fimmu.2019.00003
http://BioRender.com


Heliyon 10 (2024) e28127

12

[25] E.K. Kim, J.E. Kwon, S.Y. Lee, et al., IL-17-mediated mitochondrial dysfunction impairs apoptosis in rheumatoid arthritis synovial fibroblasts through 
activation of autophagy, Cell Death Dis. 8 (1) (2017) e2565, https://doi.org/10.1038/cddis.2016.490. 

[26] J. Angelini, R. Talotta, R. Roncato, et al., JAK-inhibitors for the treatment of rheumatoid arthritis: a focus on the present and an outlook on the future, 
Biomolecules 10 (7) (2020) 1002, https://doi.org/10.3390/biom10071002. 

[27] Z. Xie, H. Hou, D. Luo, R. An, Y. Zhao, C. Qiu, ROS-dependent lipid peroxidation and reliant antioxidant ferroptosis-suppressor-protein 1 in rheumatoid 
arthritis: a covert clue for potential therapy, Inflammation 44 (1) (2021) 35–47, https://doi.org/10.1007/s10753-020-01338-2. 
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