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Abstract
Cell signaling is considered a part of a network for communication that regulates basic cellular activities. The ability of cells 
to communicate correctly to the surrounding environment has an important role in development, tissue repair, and immunity 
as well as normal tissue homeostasis. Dysregulated activation and crosstalk between many intracellular signaling pathways 
are implicated in the pathogenesis of rheumatoid arthritis (RA), such as the Janus Kinase/signal transducers and activators of 
transcription (JAK/STAT), Toll-like receptor/nuclear factor kappa B (TLR/NF-κB), phosphatidylinositide-3Kinase/protein 
kinase B/mammalian target of rapamycin (PI-3K/AKT/mTOR), the stress activated protein kinase/mitogen-activated protein 
kinase (SAPK/MAPK), and spleen tyrosine kinase (SYK) pathways. Other interrelated pathways that can be targeted to halt 
the inflammatory status in the disease are purinergic 2X7 receptor (P2X7R)/nucleotide binding oligomerization domain-like 
receptor family pyrin domain containing 3 or inflammasome (NLRP-3)/NF-κB and Notch pathways. In this review, we will 
show the orchestrated modulation in the pathogenesis of RA via the crossregulation between dysregulated signaling pathways 
which can mediate a sustained loop of activation for these signaling pathways as well as aggrevate the inflammatory condi-
tion. Also, this review will highlight many targets that can be useful in the development of more effective therapeutic options.
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Introduction

Rheumatoid arthritis (RA) is a chronic, progressive, inflam-
matory disease associated with articular, extra-articular, and 
systemic effects affecting about 1% of the population with a 
female:male ratio of 3:1. It is characterized by polyarthritis 
with often progressive joint damage, disability, immunologic 
abnormalities, systemic inflammation, increased co-morbid-
ity, and premature mortality (Branimir and Miroslav 2014). 
This complex immune disease is characterized by synovial 
and vascular proliferation with cellular infiltration and pan-
nus formation which damage articular cartilage and adjacent 
bone. Extra-articular manifestations of the disease including 

fever, weight loss, anemia, rheumatoid nodules, pleuritis, 
pericarditis, and vasculitis can affect the hypothalamic pitui-
tary adrenal axis, resulting in fatigue and depression (Choy 
2012). It was found that various dysfunctional crosstalking 
intracellular signaling pathways played an important role in 
the pathogenesis of RA, such as Janus Kinase/signal trans-
ducers and activators of transcription (JAK/STAT), Toll-like 
receptor/nuclear factor kappa B (TLR/NF-κB), phosphati-
dylinositide-3Kinase/protein kinase B/mammalian target of 
rapamycin (PI-3K/AKT/mTOR), the stress activated protein 
kinase/mitogen-activated protein kinase (SAPK/MAPK), 
spleen tyrosine kinase (SYK), and Notch pathways as well 
as purinergic 2X7 receptor (P2X7R) and nucleotide-binding 
oligomerization domain-like receptor family pyrin domain 
containing 3 or inflammasome (NLRP-3).

JAK/STAT pathway

There are four members of the JAK tyrosine kinase family; 
JAK-1, JAK-2, JAK-3, and tyrosine kinase-2 (Tyk-2). They 
are associated with different kinds of cytokine receptors in 
identical or different pairs. Upon receptor activation, JAK 
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kinases phosphorylate tyrosine cytokine receptor subunits. 
Then STATs, which are a family of transcription factors con-
sists of seven proteins: STAT-1, STAT-2, STAT-3, STAT-4, 
STAT-5a, STAT-5b, and STAT-6, are phosphorylated by the 
receptor-associated JAKs. Phosphorylated STATs dimerise 
with each other, and translocate to the cell nucleus to act as 
transcription factors to regulate gene transcription (Shuai 
and Liu 2003; Lundquist et al. 2014), Fig. 1.

Under normal conditions, this pathway plays an obvious 
role in cell growth, survival, and differentiation and in regu-
lating protein expression involved in angiogenesis, extra-
cellular matrix composition, inflammation, apoptosis, and 
cellular signaling (Al-Rasheed et al. 2016), Fig. 1.

In RA, many immune cells infiltrate the synovium in 
response to pro-inflammatory cytokines and chemokines, 
leading to inflammation and tissue destruction (O’Sullivan 
et al. 2007; Pesu et al. 2008). Binding of a cytokine to its 
receptor activates the receptor-associated JAKs leading to 
activation, dimerization, and translocation of STAT into the 
nucleus causing an increase in the transcription of more and 
more inflammatory cytokines, which continues the loop of 
inflammatory signaling. Inhibiting this loop of inflammatory 
signaling may be mediated by inhibiting the JAK pathways 
(McInnes and Liew 2005).

Tofacitinib was the first jakinib to be approved for the 
treatment of moderate-to-severe conditions of RA patients 
who had an inadequate response to methotrexate. Other JAK 
inhibitors with variable selectivity, such as barcitinib, upa-
dacitinib, decernotinib, filgotinib, and peficitinib, possess 
multiple adverse effects. The suppressors of cytokine sign-
aling (SOCS) are family of intracellular proteins that are 
considered to be negative regulators of JAK/STAT pathway. 
The expression of SOCS is altered in RA leading to deregu-
lation of JAK/STAT pathway. Thus, future therapies for RA 
is to discover novel targets that will improve the expression 
of SOCS to restore normal JAK/STAT signaling (Singh and 
Singh 2020). Also, assessment of the anti-arthritic efficacy 
of STAT inhibitors used in cancer studies may be considered 
as new target for treatment of RA (Bose et al. 2020).

TLR/NF‑κB pathway

The NF-κB is a transcription factor that plays an important 
role in immunity and inflammation. The NF-κB is formed 
of an inactive complex of three subunits inhibitor kappa B 
(IκB), P65, and P50. Activation of NF-κB can be mediated 
via inhibitor kappa B kinase (IKK) which is capable of phos-
phorylating the IκB, leading to its dissociation and translo-
cation of P50 and P65 into the nucleus and increase in the 
transcription of pro-inflammatory genes and anti-apoptotic 
proteins (Joosten et al. 2016; Mori et al. 2011), Fig. 1.

Additionally, NF-κB promotes T helper 17 (Th17) dif-
ferentiation, by both direct and indirect ways as well as 

activates B cells, increasing the production of auto-antibod-
ies which emphasis its important role in the pathogenesis of 
RA (Liu et al. 2017). One study illustrated that NF-κB has a 
role in pain sensation, as it was found that increased NF-κB 
activity in astrocytes decreases transcription of catechol-o-
methyltransferase (COMT), causing an increase in the level 
of catecholamines that are responsible for pain sensation 
(Hartung et al. 2015).

The TLRs are transmembrane receptors, which play a key 
role in both innate and adaptive immune responses. Under 
normal conditions, the inflammatory response mediated by 
the innate immune system acts together with the adaptive 
immune response, to eliminate the invading pathogen, result-
ing in mitigation of the inflammatory response (Huang and 
Pope 2009).

In contrast, in RA, all aspects of the innate and adap-
tive immune response persist, so the inflammation becomes 
chronic, with persistence production of pro-inflammatory 
mediators. This occurs due to activation of TLRs by various 
ligands, subsequently leading to activation of the NF-κB 
enhancing the expression of pro-inflammatory cytokines 
causing further activation of several TLRs (Huang and Pope 
2009, Ospelt et al. 2008).

The TLR-4 is important in the pathogenesis of RA, as 
shown by enhanced expression in the synovial tissue of 
patients with RA and the protection from experimental mod-
els of RA in TLR-4 knockout mice (Aksoy et al. 2012; Duffy 
and O’Reilly 2016).

Activation of TLR-4 pathway induces the myeloid dif-
ferentiation primary response protein (MyD88) and the 
tumor necrosis factor receptor-associated factor 6 (TRAF6), 
and finally leads to translocation of NF-κB into the cell 
nucleus and the up-regulation of the expression of many 
pro-inflammatory cytokines, such as [interleukin-6 (IL-6), 
tumor necrosis factor-alpha (TNF-α), etc.] (Joosten et al. 
2016), Fig. 1.

The TLR signaling can induce inflammation via an indi-
rect mechanism through the activation of the protein kinase 
inositol-requiring enzyme 1α (IRE1α). Active IRE1α splices 
X box-binding protein (XBP1). Interestingly, XBP1 is con-
sidered as a transcription factor involved in the further 
expression of pro-inflammatory cytokines, such as TNF-α 
and IL-6 (Duffy and O’Reilly 2016).

Antagonizing TLR-4, inhibition of NF-κB activation or 
targeting other signaling molecules in the pathway may be 
considered as new targets for mitigating RA inflammatory 
condition. As highlighted previously that the combination 
therapy of sitagliptin and tofacitinib offers anti-inflamma-
tory actions through inhibiting both JAK/STAT and TLR-4/
NF-κB pathways in adjuvant-induced model of arthritis in 
rats (Ibrahim et al. 2020).
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PI‑3K/AKT/mTOR pathway

Firstly, the PI-3K was illustrated to be an oncogene, which 
is classified into three classes according to their structure 
and function. However, later on, this pathway was found to 
be implicated in the pathogenesis of many diseases such as 
psoriatic arthritis and RA (Malemud 2013). In RA, when 
this pathway is activated by tumor necrosis-related apoptosis 
inducing ligand (TRAIL) and IL-15, PI-3K phosphorylates 
phosphatidylinositol (4,5)-bisphosphate (PIP2) to produce 
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which 
subsequently activates protein kinase B (PKB or AKT) and 
mTOR through a cascade of signal transduction, and this can 
result in promoting aggressive immune cell infiltration, syn-
oviocyte proliferation, production of IL-17 by  CD4+T cells, 
and resistance of RA synoviocytes to Fas (CD95)-induced 
apoptosis (Malemud 2013), Fig. 1. In one study, it has been 
illustrated that microRNA-125 (miR-125) can directly inhibit 
the expression of Poly [ADP-ribose] polymerase 2 (PARP2), 
which subsequently inhibits the activity of PI-3K/AKT/
mTOR signaling pathway in experimental-induced RA model 
in rats (Liu et al. 2019). Another study stated that inhibition 
of this pathway mitigated the production of pro-inflammatory 
cytokines in macrophages and monocytes (Xie et al. 2014).

SAPK/MAPK pathway

Mitogen-activated protein kinase (MAPK) cascades are 
signaling components activated by a variety of cytokines 
and TLRs. This pathway starts with MAPK kinase kinases 
(also known as MKKKs or MAP3Ks) at the top, and MAPK 
kinases (also known as MKKs, MEKs, or MAP2Ks) are 
found in the middle, and ends with MAPKs at the bottom, 
leading to activation of many transcription factors such 
as NF-κB, and this may lead to matrix metalloproteinase 
(MMP) gene expression, cell survival, and resistance to 
apoptosis (Martínez-Limón et al. 2020), Fig. 1.

The MAPK include extracellular signal-regulated kinases 
(ERK) and the p38 kinases (p38). Growth factors and certain 
cytokines can activate ERK 1 and 2, finally leading to activa-
tion of transcription factors such as Elk-1 and c-Myc. Toll-
like receptors, oxidative stress, and inflammatory cytokines 
can activate the p38 kinases. Since the p38 pathways are 
activated mostly by environmental and genotoxic stresses, 
they are also known as stress activated protein kinases or 
SAPKs (Fang et al. 2020).

It was thought that p38 is a useful target in the treatment 
of RA. The use of p38 α inhibitors, such as VX-702 and 
pamapimod, in animal models of RA gave promising results; 
however, in RA clinical trials, they were not effective and 
their use was associated with side effect (Malemud 2013). 
In RA therapy, targeting other components of SAPK/MAPK 
signaling may be assessed.

SYK pathway

The SYK is a non-receptor tyrosine kinase that is up-regu-
lated in the synovium of RA patients. Upon its activation, it 
can activate downstream MAPKs and PI-3K leading to mast 
cell activation, macrophage phagocytosis, cytokine secre-
tion (IL-6), and fibroblast-like synoviocytes matrix metal-
loproteinase (FLS MMP) synthesis, among other functions. 
Also, SYK has a role in B-cell receptor signaling and antigen 
presentation, as well as osteoclast differentiation (Okamoto 
and Kobayashi 2011), Fig. 1.

The SYK was considered to be a promising target in the 
treatment of RA as fostamatinib, a selective inhibitor of 
SYK, mitigated the severity of arthritis in murine model 
of collagen-induced arthritis (CIA), as well as in clinical 
arthritis trials. However, in phase 2 clinical trials, adverse 
events including diarrhea, hypertension, neutropenia, and 
infections were reported (Deng et al. 2016).

Notch signaling pathway

The Notch signaling pathway regulates various cellu-
lar processes including proliferation and differentiation 
during development as well as adult tissue homeostasis. 
Having inflammatory disorders, like RA, the binding of 
Notch’s ligands leads to the proteolytic cleavage of Notch1 
by γ-secretase and the generation of Notch1 intracellular 
domain (NICD1), which is able to translocate to the nucleus 
and regulate transcription of its downstream genes that 
accelerate production of pro-inflammatory cytokines leading 
to modulation of disease activity (Shang et al. 2016; Choi 
et al. 2018), Fig. 1. It has been shown that Notch signaling 
stimulates synoviocytes and accelerates their production of 
pro-inflammatory cytokines in CIA or Notch antisense trans-
genic mice by immunization with chicken type II collagen 
(CII) (Park et al. 2015). Another study showed that Notch1 
targeting via small interfering RNA delivery nanoparticles 
(siRNA-NPs) can suppress Notch1 pathway, resulting in 
retardation of the progression of inflammation, bone erosion, 
and cartilage damage in CIA mice (Kim et al. 2015). In addi-
tion, the pharmacological and genetic inhibition of Notch1 
signaling suppresses the progression of inflammatory arthri-
tis through modulating the Treg cells in CIA and collagen 
antibody-induced arthritis (CAIA) (Choi et al. 2018).

Furthermore, Notch signaling is implicated in M1/M2 
imbalance in RA. It has been illustrated previously that the 
activation of Notch signaling in BM-derived macrophages in 
RA synovial tissue enhanced M1 polarization. While the use 
of Notch inhibitor (thapsigargin) attenuated inflammation 
by switching M1 to M2 macrophages. We could conclude 
that targeting Notch signaling may represent a therapeutic 
target for RA by controlling the balance of M1 and M2 mac-
rophage polarization (Sun et al. 2017).
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The purinergic 2X7 receptor

The P2XRs are seven subtypes of mammalian ATP-gated 
receptors. They are cation-selective channels, which have 
equal permeability to  Na+ and  K+ and with significant  Ca2+ 
permeability. The binding of three molecules of ATP to a 
P2XR induces the opening of a channel selective for small 
cations and finally leading to the release of inflammatory 
cytokines (Burnstock and Knight 2018), Fig. 1. It had been 
previously illustrated that P2X7R signaling is involved in 
regulating differentiation of Th17 cells in type II CIA in 
mice (Fan et al. 2016). Another study stated that P2X7R is 
highly expressed in human FLS and the P2X7R antagonist 
A804598 decreased the production of ROS (Liu et al. 2020).

NLRP‑3 or inflammasome

The NLRP-3 is a cytoplasmic multiprotein complex, which 
is considered to be a milestone in innate immunity. Several 
endogenous or exogenous stimuli can lead to NLRP3 activa-
tion leading to maturation and secretion of IL-1β and IL-18 
(Choulaki et al. 2015; Ruscitti et al. 2015).

The activation of the NLRP-3 or inflammasome occurs in 
two steps: priming and activation. In the priming step, activa-
tion of TLRs, P2X7R, and cytokine receptors result in subse-
quent activation of the NF-κB signaling pathway and up-regu-
lation of proteins forming NLRP-3, pro-IL-1β, and pro-IL-18. 
During the activation step, NLRP-3 assembly occurs via the 
NACHT domain, followed by recruitment of ASC, resulting 
in recruitment and activation of pro-caspase-1. The assem-
bly of these three proteins forms the NLRP-3 inflammasome. 

Fig. 1  Multiple signaling pathways involved in pathogenesis of rheu-
matoid arthritis. JAK/STAT  Janus kinase/signal transducer and acti-
vator of transcription, TLR-4 Toll-like receptor-4, MYD88 myeloid 
differentiation primary response protein, IRAK-1/4 Interleukin-1 
receptor-associated kinase 1/4, TRAF-6 tumor necrosis factor recep-
tor-associated factor 6, TAK-1 transforming growth factor beta-acti-
vated kinase 1, IκB inhibitor kappa B, NF-κB nuclear factor kappa B, 

SYK spleen tyrosine kinase, RAF rapidly accelerated fibrosarcoma, 
MAPK mitogen-activated protein kinase, PI-3K phosphatidylin-
ositide-3Kinase, AKT protein kinase B, mTOR mammalian target 
of rapamycin, NICD notch intracellular domain, NLRP-3 nucleotide 
binding oligomerization domain-like receptor family pyrin domain 
containing 3 or inflammasome
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Activated caspase-1 activates both pro-IL-1β and pro-IL-18 
and induces inflammation (Li et al. 2020), Fig. 1.

Recent studies have demonstrated that NLRP-3 is highly 
expressed in both synovia from RA patients and CIA in 
mice, whereas NLRP-3 inhibition ameliorated arthritic 
symptoms effectively and other inflammatory insults (Guo 
et al. 2018; Fusco et al. 2020).

Illustration for the role of various Crosstalks 
between different signaling in extending 
the functions of individual pathways, 
resulting in a more complex regulatory 
network and aggrevating the pathogenesis 
of RA

Crosstalk between NF‑κB and JAK/STAT pathways

A crosstalk between NF-κB and STAT-3 was observed in 
many inflammatory conditions and cancers. NF-κB family 

members interact with STAT-3 resulting in either synergy 
or repression of transcription of regulated genes, and many 
mechanisms for this have been suggested (Ambili and Janam 
2017). First, the dephosphorylated STAT-3 may bind to 
NF-κB/IκB complex enhancing NF-κB activation. Second, 
STAT-3 may acetylate p65 in the nucleus increasing the 
time of its retention inside the nucleus and ensure consti-
tutive NF-κB activation. Finally, NF-κB activation results 
in increased production of IL-6 which, in turn, will acti-
vate STAT-3. Simultaneous activation may be beneficial to 
mediate effective inflammatory response in many diseases 
(Ambili and Janam 2017), Fig. 2.

Crosstalk between SYK, TLR/NF‑κB and MAPK 
pathways

Spleen tyrosine kinase (SYK) activation leads to coupling to 
the caspase recruitment domain family member 9/mucosa-
associated lymphoid tissue lymphoma translocation protein 

Fig. 2  Crosstalk between NF-κB and JAK/STAT as well as between 
SYK,TLR/NF-κB and MAPK pathways. JAK/STAT  Janus kinase/
signal transducer and activator of transcription, TLR-4 Toll-like 
receptor-4, MYD88 myeloid differentiation primary response pro-
tein, TRAF-6 tumor necrosis factor receptor-associated factor 6, IκB 

inhibitor kappa B, NF-κB nuclear factor kappa B, SYK spleen tyros-
ine kinase, MAPK mitogen-activated protein kinase, CARD9 caspase 
recruitment domain family member 9, MALT1 mucosa-associated 
lymphoid tissue lymphoma translocation protein 1, BCL10 B-cell 
lymphoma 10
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1/B-cell lymphoma 10 (CARD9 /Malt1/Bcl10) complex 
(Lowell 2011). This directly leads to activation of IKK, 
which in turn phosphorylated IκB and activates NF-κB path-
ways. Another mechanism has been suggested which is the 
ability of the aforementioned complex to activate the MAPK 
pathway or also facilitate the ability of the TLRs to activate 
the downstream MAPK pathway (Lowell 2011), Fig. 2.

Crosstalk between JAK/STAT, MAPK and PI‑3K /AKT/
mTOR pathways

Dimerization of IL-6-type cytokine receptors does not 
only activate the JAK/STAT signaling pathway, but also 
induce the MAPK cascade through recruitment of the 
SHP2 (SH2-domain-containing tyrosine phosphatase) to 
tyrosine-phosphorylated gp130 and its phosphorylation 
in a JAK1-dependent manner. The phosphorylated SHP2 
binds to the Grb2–SOS (growth factor receptor-bound 
protein/Son of Sevenless) complex leads to the activation 
of the Ras–Raf–MAPK pathway (Heinrich et al. 2003), 
Fig. 3.

Also, activation of JAKs leads to phosphorylation of 
the tyrosine residues of the attached receptors. Proteins 
containing SH2 domains (such as STATs and PI-3K) are 
able to bind the phosphotyrosines and carry out their func-
tion. Therefore, activation of the JAK–STAT pathway can 
also activate PI-3K/AKT/mTOR signaling (Rawlings et al. 
2004).

Crosstalk between TLR/NF‑κB, SYK/NLRP‑3 
and Notch Pathways

The TLRs activation can cause activation of Notch signaling 
directly and/or indirectly, which, in turn, induces expression 
of pro-inflammatory cytokines such as TNF-α and IL-6. The 
increase in the level of the cytokines can induce the expres-
sion of Notch ligands and this can sustain the inflammatory 
response in RA (Keewan and Naser 2020), Fig. 4. Addition-
ally, the injection of complete Freund’s adjuvant caused an 
excessive genetic expression of SYK and subsequently its 
downstream molecule NLRP-3 in the untreated arthritic ani-
mals. Previous studies showed that stimulation of NLRP-3 

Fig. 3  Crosstalk between JAK/STAT, MAPK, and PI-3K/AKT/
mTOR pathways. JAK/STAT  Janus kinase/signal transducer and acti-
vator of transcription, PI-3K phosphatidylinositide-3Kinase, AKT 
protein kinase B, mTOR mammalian target of rapamycin, SHP2 SH2-

domain-containing tyrosine phosphatase, Grb2–SOS growth factor 
receptor-bound protein/Son of Sevenless, RAF rapidly accelerated 
fibrosarcoma, MAPK mitogen-activated protein kinase



971Orchestrated modulation of rheumatoid arthritis via crosstalking intracellular signaling…

1 3

inflammasome is one of quintessential sparks that upregulate 
cellular synthesis of several pro-inflammatory cytokines that 
in turn prompt propagation of inflammation in arthritis (Fio-
ravanti et al. 2019). Also, it has been found in other study 
that Notch 3 activation, which enhances the activation of p38 
MAPK, which facilitates phosphorylation of p65 on Ser276, 
which in turn increases the transcriptional activity of NF-κB 
(López-López et al. 2020).

Crosstalk between P2X7R/NLRP‑3/NF‑κB pathways

The P2X7R belongs to one of the P2X ion channel recep-
tors family members that have been suggested that they 
can mediate pain and inflammation in arthritis (Zeng et al. 
2019). In addition, other studies illustrated that activation 
of P2X7R by elevated levels of ATP mediated by pannexin 
channels can lead to activation of NF-κB and subsequent 
release of IL-1β, IL-6, TNF-α, MMP13, and PGE2 (Zeng 
et al. 2019).

The P2X7R activation can decrease the intracellular  K+ 
concentration which permits NLRP-3 or inflammasome 
assembly and release of IL‐1β and IL‐18 (Li et al. 2020), 
Fig.  5.

Conclusion

The biological agents are widely used in the management 
of RA patients, but they are of high cost and can induce 
many adverse events. Therefore, new strategies to reach 
better efficacy and safety are needed. In this review, we 
illustrated more details about the pathogenesis of RA. It 
was concluded that the pro-inflammatory cytokines can be 
considered the mysterio of orchestrated crosstalking intra-
cellular signaling pathways involved in the pathogenesis 
and the state of sustained inflammation in RA. Also, this 
review highlights new targets suggested for the develop-
ment of new therapeutic approaches.

Fig. 4  Crosstalk between TLR/NF-κB, SYK/NLRP-3, and Notch 
Pathways. TLR toll-like receptor, SYK spleen tyrosine kinase, JUN 
Jun-N-terminal kinases, IκB inhibitor kappa B, NF-κB nuclear factor 

kappa B, NICD notch intracellular domain, NLRP-3 nucleotide bind-
ing oligomerization domain-like receptor family pyrin domain con-
taining 3 or inflammasome
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