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ABSTRACT

Rheumatoid arthritis (RA) is an autoimmune disorder that results in inflamed joints and gradually destroys cartilage over time.
Pharmacological diversity has shown a number of advancements over the years that have effectively led to a transformation in
management, producing better outcomes for people in terms of quality of life. The former is still being treated first with conventional
disease-modifying antirheumatic drugs, of which methotrexate is the most commonly used biologic DMARDs based on TNF inhibitions
and IL-6 blockers have provided targeted immunosuppression. Developments in new drug delivery systems have focused on nanoparticles
and lipid-based carriers to reduce first-pass metabolism and minimize systemic side effects. The most recent discoveries in research
dealing with medicinal plants and natural products showing some anti-inflammatory activities have opened up a new window of
opportunity for adjuvant therapy. The perspectives of RA treatment, mainly emphasizing areas of precision medicine and novel drug

delivery systems.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune ailment where persistent
irritation in the synovium of the joints and adjoining parts itches and wrecks
the bones in the end. In contrast to degenerative joint diseases, the course
of RA is defined by an autoimmune reaction directed against synovial
tissues; it turns out to be a constant inflammatory condition with joint
deformations.The first onset of this disease usually puts the patient at
middle age, with a slight preference for the female sex. If not controlled,
RA strongly predisposes towards disability and other systemic
complications related to the heart, lungs, and blood vessels. The
pathogenesis of RA dictates dysregulation within the immune system. It, in
fact, plays a role in triggering proinflammatory cytokines by CD4+ T cells,
which are activated by dendritic cells. Subsequently, these cytokines bring
in and activate macrophages and B lymphocytes that contribute to further
inflammation and FLS proliferation. This gives rise to pannus and involves
cartilage and bone degradation, where MMP is responsible for cartilage and
TNF-a, IL-6, and 1L-17 sustain inflammation. It is the step where JAK and
NF-kB amplify further signaling for inflammation toward irreversible joint
damages. Management of RA typically centers on reducing the process of
inflammation and slowing damage to the disease process, finally improving
the quality of life. NSAIDs and corticosteroids help to relieve symptoms but
are not able to prevent joint damage. The cDMARDs are methotrexate,
sulfasalazine, and leflunomide, which work by suppressing immune
overactivity. The other type of DMARDs involves biologic agents that work
on particular immune pathways. The most common biologic DMARDs are
TNF inhibitors—for example, infliximab and etanercept—and tocilizumab,
acting on IL-6. JAK inhibitors, including tofacitinib and baricitinib, act by
blocking intracellular signaling for inflammation control. The current
review will now discuss at length the present and future strategies planned
for the treatment of RA in terms of their mechanisms, effectiveness, and
possible advancements [1].

Conventional Pharmacological Treatments

Nonsteroidal anti-inflammatory drugs (NSAIDs) manage pain, stiffness,
and inflammation in rheumatoid arthritis (RA) by blocking cyclooxygenase
(COX) enzymes which help in the production of prostaglandins. Some
widely used NSAIDs are ibuprofen, naproxen, diclofenac, and celecoxib.
Although NSAIDs provide rapid symptomatic relief, they are not effective
in preventing disease progression and might cause gastrointestinal,
cardiovascular, and renal complications in the long term. Corticosteroids
like prednisone and methlyprednisolone are strong anti-inflammatories
used in acute RA flare-ups and as bridge therapy before disease-modifying
anti-rheumatic drugs (DMARDs) take effect. They inhibit pro-
inflammatory cytokines TNF-a, IL-1, and IL-6 and begin joint pain and
swelling. Usage of corticosteroids for long periods leads to osteoporosis,
hyperglycemia, and hypertension alongside an increased risk of infection,
making it necessary to use the lowest dose for the shortest time.
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Conventional DMARDs (cDMARDs) form the foundational treatment of
RA by addressing immune dysregulation to slow disease progression and
prevent joint damage. The first line cOMARD, methotrexate, leads in the
inhibition of dihydrofolate reductase, resulting in the suppression of
immune cell proliferation and inflammatory cytokines. The choice of
treatment must be tailored to disease severity and patient-specific criteria to
optimize efficacy and minimize potential side effects [2].

Biologic DMARDs: Targeted Immunotherapy

Biologic disease-modifying anti-rheumatic drugs (bDMARDs) have
revolutionized the treatment of rheumatoid arthritis (RA) by specifically
targeting certain immune mechanisms. In contrast to traditional DMARDs,
which suppress the immune system generally, biologics block prominent
cytokines or immune cells responsible for inflammation and joint
destruction. Tumor necrosis factor (TNF) inhibitors inhibit TNF-a, a
cytokine involved in synovial inflammation and joint erosion. Some of the
common TNF inhibitors are infliximab, a monoclonal antibody that attaches
to TNF-a; etanercept, a fusion protein that blocks TNF-a from attaching to
its receptors; and adalimumab, a human monoclonal antibody that acts
against TNF-a. These medications successfully suppress disease activity
and halt joint damage, particularly when used in combination with
methotrexate. 1L-6 inhibitors are effective in TNF-inhibitor-refractory
patients but can produce infections, liver enzyme increases, and lipid
dysregulation. B cells in RA are involved in the disease by producing
autoantibodies and antigen presentation. Rituximab, a CD20-positive B-
cell-targeting monoclonal antibody, reduces these cells and helps
seropositive RA patients who are not responsive to TNF inhibitors. It has
lasting effects but has risks of infusion reactions and serious infections.T-
cell activation is also important in RA progression. They are costly, need to
be monitored, and might not work for all patients. Biologics have greatly
enhanced the treatment of RA, and more research is directed towards
creating safer and more efficient therapies [3].

Small Molecule Therapies: JAK Inhibitors and Beyond

Small molecule therapy, specifically Janus kinase inhibitors, is a major
breakthrough in the treatment of rheumatoid arthritis. In contrast to biologic
DMARD:s targeting extracellular cytokines, JAK inhibitors are intracellular
antagonists of inflammatory signaling pathways, offering an oral option for
those who might not be responsive to biologics. These agents act on the
Janus kinase family of enzymes, which are key mediators of immune cell
activation and cytokine signaling in RA. By preventing these enzymes, JAK
inhibitors interfere with pro-inflammatory cascades of signals, minimizing
inflammation and joint destruction. Tofacitinib, a JAK1/JAK3 inhibitor
approved for the treatment of moderate-to-severe RA, is one common JAK
inhibitor. Baricitinib, a JAK1/JAK2 inhibitor showing robust efficacy in
TNF inhibitor-resistant patients, and upadacitinib, a JAK1-selective
inhibitor designed to maximize efficacy and reduce side effects, are other
common JAK inhibitors. The drugs act on the JAK-STAT pathway, an
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important mechanism of immune regulation. Pro-inflammatory cytokines
interact with cell surface receptors, which in turn activate JAKs and cause
phosphorylation and STAT activation. Careful monitoring for infections,
lipids, and cardiovascular risk is needed, and JAK inhibitors are
contraindicated in patients with a history of active infections or thrombosis.
The inhibitors have been an extremely effective oral substitute for biologic
DMARDs, providing targeted intracellular modification of immune
function in RA. They are, however, used with caution in the presence of
careful patient selection and monitoring because of possible risks. Future
studies are intended to create next-generation JAK inhibitors with enhanced
safety profiles without compromising therapeutic efficacy [4].

Emerging and Future Therapies

Rheumatoid arthritis (RA) treatment is evolving with new strategies to
enhance efficacy, reduce side effects, and offer personalized options.
Advances focus on targeted synthetic DMARDs, novel drug delivery, gene
therapy, and regenerative medicine.Next-generation targeted synthetic
DMARDs aim to improve specificity and safety. TYK2 inhibitors like
deucravacitinib selectively target tyrosine kinase 2, a key immune signaling
mediator, offering a potentially safer alternative to JAK inhibitors. BTK
inhibitors, such as fenebrutinib, block Bruton’s tyrosine kinase, which
regulates B-cell activation in RA. NF-xB and MAPK pathway modulators
target inflammatory signaling pathways, providing oral alternatives with
improved safety compared to biologic DMARDs.Nanotechnology enhances
drug delivery by increasing precision and reducing toxicity. Approaches
include nanoparticle carriers, encapsulating DMARDs in liposomes or
micelles for targeted delivery. Smart drug delivery systems use stimuli-
responsive nanoparticles that release medication based on pH, temperature,
or inflammatory markers. RNA-based therapies, such as siRNA and
microRNA nanocarriers, silence pro-inflammatory genes, potentially
improving RA treatment outcomes.Gene therapy and precision medicine
offer long-term solutions by addressing RA at the genetic level. CRISPR-
Cas9 and RNA editing could modify immune pathways or correct genetic
predispositions linked to RA. Viral and non-viral gene delivery methods
allow intra-articular injections of therapeutic genes to suppress
inflammation. Epigenetic modulation targets histone modifications and
DNA methylation to regulate immune dysfunction. The future of RA
treatment is rapidly advancing, with targeted DMARDs, nanomedicine,
gene therapy, and stem cell strategies offering promising approaches. While
challenges remain, ongoing research continues to push the boundaries of
precision medicine and regenerative therapy, paving the way for more
effective, personalized treatments [5].

Role of Herbal and Natural Compounds in Rheumatoid Arthritis
Natural products have become of great interest in the management of
rheumatoid  arthritis  because of their anti-inflammatory and

immunomodulatory effects. Plant-derived bioactive molecules provide
promising alternatives or adjunct therapies to traditional treatments with
fewer side effects. Curcumin, a compound extracted from Curcuma longa
(turmeric), suppresses NF-kB and COX-2, inhibiting inflammatory
cytokine production, modulating oxidative stress, and suppressing synovial
inflammation. Clinical trials show curcumin lowers joint pain and stiffness
in patients with RA and acts synergistically with NSAIDs and DMARDs to
enhance treatment. Boswellia, derived from Boswellia serrata (Indian
frankincense), inhibits 5-lipoxygenase, suppressing leukotriene-mediated
inflammation while lowering cartilage breakdown and enhancing joint
function. Clinical trials propose Boswellia increases mobility, lowers pain,
and possibly exerts gastroprotective effects and is a less toxic alternative to
NSAIDs. Resveratrol, a polyphenol presents in grapes, berries, red wine,
and peanuts, inhibits TNF-o, IL-1f, and IL-6 and activates SIRT1 to
decrease oxidative stress and inflammation. Studies indicate that resveratrol
reduces synovial hyperplasia, joint swelling, and potentially offers
cardiovascular protection, treating comorbidities in RA patients. These
natural agents exert their effects through different mechanisms, such as NF-
kB inhibition, COX-2 inhibition, 5-LOX inhibition, leukotriene inhibition,
and SIRT1 activation. Clinical evidence indicates curcumin decreases joint
pain and inflammation, Boswellia enhances joint function and decreases
cartilage degradation, and resveratrol decreases synovial inflammation and
oxidative stress. Natural and herbal compounds such as curcumin,
boswellia, and resveratrol possess potent anti-inflammatory and
immunomodulatory activities, promising novel complementary strategies
for RA treatment. Although early clinical evidence favors their utility, more
large-scale studies are required to determine standardized dosages and long-
term safety profiles. Combining these natural agents with traditional
treatments can improve the efficacy of treatments and the quality of life of
RA patients [6].

Challenges and Future Directions

In spite of progress made in rheumatoid arthritis therapy, there are still
issues with maximizing therapeutic responses. Long-term disease control is
made difficult by drug resistance and heterogeneous patient responses,
necessitating tailored approaches to therapy. The cost-effectiveness and
safety of novel treatments, such as biologics and JAK inhibitors, are cause
for concern, especially in terms of infection risk and expense. Moreover,
the application of artificial intelligence and precision medicine allows for
potential personalized treatment through the prediction of drug response and
disease course. Future studies should aim to develop more targeted
therapies, enhance access, and use Al-based strategies to maximize patient
benefits while reducing risks and costs related to RA management [7].

Table 1: Emerging Pharmacological Approaches and Future Perspectives in Rheumatoid Arthritis Treatment

Therapy Type Examples Mechanism of Action Advantages Challenges

Next-Gen  Synthetic | TYK2 inhibitors | Inhibits tyrosine kinase 2 to modulate | Higher specificity, potential | Long-term safety and efficacy yet

DMARDs (Deucravacitinib) immune signaling safety benefits to be established

BTK Inhibitors Fenebrutinib Blocks Bmtop’s tyrosine kinase to reduce Targ_ets autoimmunity more | Risk of infections and off-target
B-cell activation precisely effects

NF-«<B/MAPK . . . . . . . .

Modulators Experimental drugs Inhibit inflammatory signaling pathways Oral alternatives to biologics Development in early stages

Nanoparticle  Drug . . - . Targeted  delivery,  fewer

Delivery Liposomes, micelles Enhances drug precision, reduces toxicity systemic side effects Cost, regulatory approval

Stimuli-responsive

Smart Drug Delivery nanoparticles

or inflammation markers

Releases drugs based on pH, temperature,

Controlled drug release,

improved efficacy Complexity in formulation

RNA-Based Therapy siRNA, microRNA therapies

Silences pro-inflammatory genes

Potential long-term control of Delivery and stability issues

RA
Gene Therapy CRISPR-Cas9, RNA editing Modl_ﬁes immune pathways or corrects Precmor_] targeting, | Ethical concerns, regulatory
genetic predispositions personalized treatment hurdles

Eplgenet_lc Histone/DNA  methylation Re_gulate_s immune dysregulation at the Potept_lal_ for disease Unknown long-term effects
Modulation modulators epigenetic level modification

Mesenchymal, iPSC-derived | Regenerates cartilage and modulates | Joint repair, reduced | Tumorigenesis risk, protocol
Stem Cell Therapy - : . AN

cells immune responses inflammation standardization
Cartilage Tissue . . . . . Potential for long-term joint | Safety, durability, and integration
Engineering Stem cells + biomaterials In situ regeneration of damaged cartilage restoration into joints

Conclusion therapies will have to increase the chances of making long-term outcomes

Major advances have been made in the treatment of rheumatoid arthritis by
conventional DMARDs, biologics, JAK inhibitors, and emerging therapies,
all applying a full range of means to tamp down the disease. Most are aimed
to different inflammatory pathways in order to better control symptoms and
slow disease progression. Such methods, however, are faced with the
prospects of drug resistance, safety issues, and affordability. The future is
supposed to hold precision medicine improvements and novel
nanomedicines for improved personalization and effectiveness of
treatments. Furthermore, the integration of Al-driven diagnostics and
innovative drug delivery systems can truly change the management
landscape of RA.Further research efforts and greater availability of novel
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and quality of life better for patients with RA.
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